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Tens of thousands of horse-power of N-S 
variable-speed a.c. motors, in many instances 
with L.S.E. automatic control systems, are in 
pumping service—for water and sewage under- 
takings, in power stations, and for industrial 
applications. 


Why? Because the stepless variable-speed N-S 
drive enables output to be regulated most 
efficiently, without wasteful throttling or 
dissipation of electrical energy, and lends 
itself to integration into any automatic control 
scheme. 


Many of these motors are of considerable size, 
but the advantages of the N-S motor are not 
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One of four 2400/1050 h.p., 450/345 
r.p.m. N-S_ variable-speed  a.c. 
motors driving Gwynnes circulating- 
water pumps at Uskmouth power 
station. I.S.E. control gear (below) 
incorporates ‘Asmag’ equipment to 
provide multi-motor level control. 


(Photographs by courtesy of the C.E.G.B.) 


FOR PUMP DRIVES 


confined to large outputs. In numerous in- 
stances, motors of comparatively low rating 
(50 h.p. or less) have enabled the most 
economical water pumping or sewage treat- 
ment plant to be realised. 


The outstanding features of the N-S variable- 
speed a.c. motor, especially when allied to 
suitable control equipment, are proving of 
value in almost every industry and have 
enabled new production techniques to be 
developed. If you are not fully aware of the 
possibilities of this machine please ask for 
further details (preferably mentioning the 
type of application you have in mind). 


LAURENCE, SCOTT & ELECTROMOTORS LTD. 


Specialist Makers of Electric Motors and Control Gear since 1883 NORWICH nor asa 
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Motor Gear Box 
and Timing Gear 


@ Suitable for 3-phase circuits from 33 kV. upwards, in four versions: 
45, 70, 100 and 140 kV. r.m.s. (neutral test). 


@ Also usable within agreed voltage ratings where neutral is insulated. 
@ 19 tapping steps (20 positions) available. 


@ Selector switch base serves as barrier panel and allows access 
without draining transformer. 


@ Separate oil compartments for selector, diverter and driving 
mechanism. 


@ Simplified control gear. 
@ Freedom from routine lubrication and corrosion of mechanism. 


@ Maintenance reduced to absolute minimum. 
“ft 


vnc. FERRANTI 
High Speed Resistor ON-LOAD TAP CHANGER EFG SERIES 


FERRANTI LTD, HOLLINWOOD, LANCASHIRE. Tel. FAlIlsworth 2000 


London Office: KERN HOUSE, 36 KINGSWAY, W.C.2 Tel. TEMple Bar 6666 
FT270/2 
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HEAT EXCHANGERS 
POR PGW GENERATING FOU 
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Photograph by courtesy of the English Electric Company Limited 


Serck Coolers are fitted to the two ‘English Hlectric’ 
8 SV 620 k.W. diesel alternator sets at the G.P.O. 
Radio Station, Ongar, Essex. These sets, one of 
which is illustrated here, provide independent 


standby power for cable and wireless transmission. 


SERCK RADIATORS LIMITED BIRMINGHAM 11. 


Telephone: ViCtoria 4353 “* Telegrams Serckrad”’ 
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RECTIFIERS 


Increased output 
-less space 


The Hewittic cooled-cathode rectifier is 
essentially compact and provides a very 
high capacity within a given floor area. 


Right: Two Hewittic cooled-cathode recti- 
fiers forming a 5000 kW bank in the Dover 
Substation British Railways, Southern 


rectifier bulb 


Region: 

I 

| 

| 750 kW 

i 3000 volt 
Hewittic 

i cooled-cathode 

i 


CONVENTIONAL } COOLED-CATHODE 


@ Smaller size (see comparison 
between conventional and cooled- 
cathode bulbs of same capacity 
above). 


@ Improved efficiency at lower 
voltages. 


@ Dependability of bulb maintained, 


HAGKBRIDGE ...HEWITTIG 


@ Ease of installation and mainten> 


ance. 
ELECTRIC CO. LTD. 
Send nae WALTON-ON-THAMES - SURREY - ENGLAND § 
end for publication RI92/2 Telephone: Walton-on-Thames 28835 (8 lines) Telegrams & Cables: ‘Electric, Walton-on-Thames” 


ee ee ee ee co 


AEI mix—ED-GAS THYRATRONS 
ADVANCE INFORMATION 


| ! OUTSTANDING FEATURES 
| * FASTER STARTING * LONG, RELIABLE SERVICE LIFE 
| * WIDE AMBIENT TEMPERATURE RANGE 


YPE BT. 109 TYPE BT. 113 


a 6.4amp inert gas/mercury vapour thyratron. Fast —a 0.5-amp inert gas/mercury vapour thyratron. May be 
arting. This valve is intended for industrial applications, used as a plug-in replacement for BT.19, where maximum 
ia is a plug-in replacement for American type GL.6858. peak anode voltage is not above 1,500 volts. Fast starting. 
HARACTERISTICS ee A 
lectrical poh 

i 

jthode type Directly heated. Directly heated. 

lament voltage 2.5 volts 2.5 volts 

lament current (max.) 23 amps 5.3 amps 

lament current (min.) 19 amps. 4.5 amps. 

)ltage drop (max.) 15 volts. 15 volts. ? 

ithode heating time 60 secs. 30 secs. ee 

nisation time (approx.) 4 micro secs. 10 micro secs. 

ionisation time (approx.) 1000 micro secs. 1000 micro secs. 

1ode-control capacitance 4 w farads. 2 u pw farads. 

trol grid—cathode capacitance 18 » uw farads. 7 uu farads. 

echanical asi Cae 
nr = 7 
(pe of cooling Convection. Convection. 

yunting position Vertical, base down. Vertical, base down. GRID FILAMENT 

right (max.) (114 02). (22 oz.) 

| (328 gm). (80 gm). 

uilibrium condensed mercury 

mperature rise above % FILAMENT 
ibient (full load) 32°C. (approx.) 24°C. 2 = 
f a (no load) 29°C. (approx.) 23°C. t ~~ top cap cr2 
tings > (6S.448) 

ux, peak anode voltage: forward 1500 volts. 1500 volts. 

| inverse 1500 volts. 1500 volts. pipet 

ix. cathode current: peak 77 amps. 2 amps. 

| average 6.4 amps. 0.5 amps. 

\X. averaging time 15 secs. 15 secs. H oui 

abient temperature range* —40°C. to +40°C. —40°C. to +40°C. wy eect ease t 
still air temperature near the base of valves. a 
though valves will operate satisfactorily at ambient temperatures of —40°C. to +10°C., 

> will be reduced at these low temperatures. For maximum life the valve should be operated - - 

ambient temperatures within the range +15°C. to +40°C. FILAMENT FILAMENT 


i GRID 


1500 


PLEASE DON’T TEAR OUT THIS ADVERTISEMENT— 


1250 


Others will want to see it. If you would like to have full 
details of these two new thyratrons, or any other AKI 
electronic components for that matter, all you have to 
do is write to AEI at the address below. Data sheets with 
detailed information will be sent to you without charge, 


1000 


750 
DON’T DELAY-Write now and be sure of receiving latest news 
of these and other AEI components as they become available. 


ANODE VOLTAGE 


500 


250 


OMING — a 2;-amp mixed-gas thyratron! 


I will be introducing this new thyratron later, so watch for details. 
ter still, make sure your name is on our mailing list for advance information m= 210 ce 


0 x 
HK, aS =10 = 8) o= 6, 5=4> = 2 .) 


all new AEI components. GRIO VOLTAGE GRID VOLTAGE 
BT 113 Thyratron BT 109 Thyratron 
control characteristic control characteristic 


AEI Associated Electrical Industries Limited 


ELECTRONIC APPARATUS DIVISION, VALVE & SEMI-CONDUCTOR SALES SA ASé!! 
DEPARTMENT - CARHOLME ROAD - LINCOLN TEL: LINCOLN 264 
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wm 


33kV 2000 amp 
PACKAGE SWITCHGEAR 


For 33kV outdoor service, it pays to specify SWS type 
UEr package switchgear. Compact and absolutely 
self-contained, it requires the minimum of preparatory 
site work and can be erected quickly and easily. Initial 
cost is competitive and ‘in situ’ inspection unaffected 
by weather conditions. 

Write for further details. 


cay 2Z20OUTH WALES SWITCHGEAR LIMITED 
Wa! A MEMBER OF THE ABERDARE GROUP OF COMPANIES 
SO BLACKWOOD, MON. WORKS: TREFOREST. BLACKWOOD, ABERBARGOED 


SW 28 


Two Newton Derby Automatic Voltage 


Regulators are installed in each of the new Diesel Electric Pullman Trains 
built by the Metropolitan-Cammell Carriage and Wagon Co. Ltd. for the 
Pullman Car Company Ltd. These regulators monitor the charging voltage 
from G.E.C. generators to the main batteries, which power the traction 
control equipment, including the diesel starting motor. 


* Servo Motors ° Permanent Magnet 
Alternators * Motor Generator Sets 

* Automatic VoltageRegulators ° Transistor 
Convertors * Rotary Transformers and 


Convertors ° High Frequency Alternators 
(400 to 3,000 c.p.s.) 


NEWTON BROS. (DERBY) LIMITED - ALFRETON ROAD, DERBY 


Telephone: DERBY 47676 (4 lines) Grams: DYNAMO DERBY 
London Office: IMPERIAL BUILDINGS, 56 KINGSWAY, W.C.2 


SSS 


1898 1910 1930 1935 EK) 


WALF Cross-Type C.7.M. High-Head . Radiant 
(100 MW) 


STATION OVERALL THERMAL EFFICIENCIES 
5%. 7% 10% 16% 23% 25% 26% 34% 407% | 


a** 


NE 


SSS 


Progress in power generation, to the present stage of 
a single boiler to serve a 550 MW set or to operate at 


supercritical pressure, with central-station thermal 
efficiencies of the order of 40%, has followed the path 
of advancing steam technology and engineering, an 
advance in which, for well over half a century, the 
BABCOCK organization has been in the lead. 


The illustrations show the development of central- 
station boiler units, in size, type and steam conditions over a 
period of some 70 years. The steep rise over the last decade 
reveals design and manufacturing capabilities that are keep- 
ing British boiler engineering in the forefront of world 
development. 98% of Britain’s, and 80% of the world’s 


electrical power is steam generated —a high proportion of it 
using BABCOCK boiler plant. 


AY 
.\N 
\\\ 


UW 
\X 
W 
\x 


Wg 


BABCOCK & WILCOX LTD. 


BABCOCK HOUSE, 209 EUSTON ROAD, LONDON N.W.I 
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The castings shown are components of an English 
Electric high speed resistor tap changer for a very high 
power transformer. Although of complicated design they 
were cast by simple methods made possible by the unique 
properties of Araldite epoxy resins. Araldite can be used 
for gravity casting or mixed and poured under vacuum. 
Shrinkage on setting is lower than with any comparable 

material, so that castings of great accuracy and unifor- 

A L L S HA P E S mity of dimension are assured. Metal inserts are cast in 
situ, by virtue of the remarkable adhesive properties of 

AN D S a Zz ES Araldite. The finished components have excellent elec- 

trical and mechanical properties, high resistance to 

tracking, and are unaffected by water or chemicals. May 


we send you our booklet “Araldite Resins for the 
Electrical Industry?”’ 


Araldite epoxy resins 


Araldite is a registered trade mark 
' 


CIBA (A.R.L.) LIMITED, DUXFORD, CAMBRIDGE. TELEPHONE: SAWSTON 2121 


AP.614 
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When things get hot... 


specify OS a tated coh a “s napa 
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Positive proof 2 
aals over SAAR 

x 
the world 


Wherever the giant transmission lines stride across the land, 
porcelain insulation is likely to be in evidence. 
And the chances are that this porcelain insulation is by Taylor, Tunnicliff. 
A few of the large variety of insulators we have 
the capacity and knowledge to produce are shown in the illustration below. 
No insulation problems are too difficult for us 


to consider. Most of them we can solve. 


TAYLOR TUNNICLIFF & CO. LTD 


Head Office: EASTWOOD -- HANLEY + STOKE-ON-TRENT ~ Tel: STOKE-ON-TRENT 25272-5 
London Office: 125 HIGH HOLBORN + LONDON W.C.1 - Tel: HOLBORN 1951-2 


POWER STATION 


(ad 11 ) 


21, 000,000 


| GALLONS AN HOUR 


FOR BELVEDERE 


Wherever river, canal, or sea-water is needed in 
large quantities for public electricity supply or 
industrial power stations Richardsons Westgarth 
strainers will clean it efficiently and on almost 
any scale. The illustration shows some of the 
seven Richardsons Westgarth strainers that de- 
liver 21,000,000 gallons of clean cooling water an 
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hour to the condensers at the Belvedere Power 
Station of the C.E.G.B. These strainers are self- 


cleaning, operate continuously, and the accumu- 
lated sludge can be blown out at intervals without 
appreciably affecting the flow. Capacities range 
from 160,000 to 5,600,000 gallons an hour. Full 


technical details are available on request. 


RICHARDSONS WESTGARTH (HARTLEPOOL) LTD. 


A member of the RICHARDSONS WESTGARTH GROUP 
U HARTLEPOOL, CO. DURHAM AND AT 58 VICTORIA STREET, LONDON, S.W.1. 


59 MOSLEY STREET, MANCHESTER. 75 BUCHANAN STREET, GLASGOW, C.1. 


RW.89 
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Lengthy experience in practical design 
Wide variety of ducting and damper layouts 
Highly efficient cooling surfaces 


Heavy and robust construction 


Special attention to ease of access and 


maintenance 


NW | : 


HEENAN & FROUDE LTD - WORCESTER - ENGLAND 


; 


i 
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SenTerCel series RS.8 High Power Silicon’ 
Diodes incorporate an alloyed junction 

in a stud-ended, hermetically-sealed case. 
These devices are of rugged construction 


| Se if } or(e J and. are intended for use with a heat sink. 


SUPPLIED AS :— 
Single Diodes, 


RS8 SILICON POWER DIODES Gomiets aasentbled ertilec #askail 


in frame with heat sinks; in various sizes 
and circuits to provide a variety of 


‘and RS8 SILICON RECTIFIER STACKS ee eee. 


RATINGS OF SINGLE DIODES 


Ratings of single diodes range from 
50 to 400 volts (crest working voltage). 


Maximum continuous forward 
current at maximum rated stud 
temperature 120 amperes 


Maximum current (half wave 
resistive load) at maximum rated 
stud temperature 100 amperes mean DC. 


Maximum rated stud temperature 100°C 


Maximum mean dissipation (with 
suitable heat sink) 150 watts 


CHARACTERISTICS OF SINGLE DIODES 


Maximum forward voltage at 
100 amperes at maximum rated . 
stud temperature 1.2 volts 


Full-cycle average reverse current at 
rated C.W.V. at maximum junction 
temperature 15 milliamperes 


Write for Advance Information Leaflet to:— 


COMPONENTS. 
GROUP 


Standard Telephones and Cables Limited 


RECTIFIER DIVISION: EDINBURGH WAY - HARLOW - ESSEX 


60/8MF 
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Safe choice PAPERS FOR THE PROCEEDINGS 


= = Handbook for Anyone who is thinking of submitting a 
in every climate Authors Paper to The Institution should apply to the 

Secretary for a copy of the Handbook for 
SUB-ARCTIC COLD: a, te pa . Fes — ta ba a 

copy supplied free of charge e 
EQUATORIAL MEATS application is accompanied by a summary of 
Proven in virtually every atmospheric the Paper. The following are some of the 
condition. METALLIC Conduit Tubes and main points considered in the Handbook. 
Fittings are a sound choice for electrical 
installations in all conditions. Corrosion 
preventive finishes provide sure and 
lasting protection:— 


Acceptability To be acceptable, a Paper should normally 
contribute to the advancement of electrical 
science or technology. The Institution does 
not accept Papers which have been published 


Stove Enamelled. Hot Galva- elsewhere. 
. j | nised. Sheradised. Ext’ 
' SAFETY, too: 7 ain No Paper should occupy more than 10 pages 
g in the Proceedings. Authors can generally 
Z Made to B.S.S. 31/1940. keep well within this limit. For example, the 
2 average Paper published in 1960 consisted of 
For details of our range of 6000 words (5 pages) and, with its illustra- 
Conduit Fittings write for tions and mathematics, occupied a total of 
illustrated catalogue No. 8 pages. 


F.459. 
An essential part of a Paper is the Summary, 
which should not exceed 200 words. 


The Text should begin with sufficient intro- 
ductory matter to enable the Paper to be 
understood without undue reference to other 
publications. 

The Text should include no more mathematics 
than is essential. Extended mathematical 
treatment and lengthy digressions—if they 
must be included—should be put in Appen- 
dices. 

Proprietary articles should not be mentioned 
by name unless this is unavoidable. 

The rationalized M.K.S. system of units is 
preferred. 


Acknowledg- Assistance in the preparation of the Paper, 

ments and sources of information, should be 
acknowledged. References to manufacturers 
should be made only under Acknowledg- 
ments. 


References Bibliographical References should be num- 
bered and listed in a special section, and 
indicated in the Text by means of ‘indices’. 


Numbering The Text should be appropriately sectional- 
ized, the sections and their subdivisions being 
numbered according to the ‘decimal’ system. 
Acknowledgments, References and Appen- 
dices should be numbered as though they 
were sections of the Text. 


Typing should be on one side of the paper 
only, with double spacing between lines and 
a 14 inch margin on the left. Besides the 
original typescript, two carbon copies are 
required by The Institution. 

Advice on the typing of mathematics is given 
in the Handbook for Authors, which includes 
a facsimile of a typewritten page containing 
mathematics. 

Illustrations should not be drawn or pasted 
on the typewritten pages. They are of no 
use to the printer, but he does need a com- 
plete list of captions, again with double 
spacing. The list should be attached to the 
typescript. 

Drawings Three sets of drawings, which may be in the 
form of dye-line prints, should accompany 
the typescript. Tracings, which will be 
required later, should be in indian ink with 
the lettering in pencil. The reduction in the 
size of the drawings, and therefore the size 
of lettering required, is not settled before the 
Paper has been accepted. 


Dispatch The typescript and illustrations shguld be 
packed fiat, not rolled, and addressed to The 
Secretary, The Institution of Electrical 
Engineers, Savoy Place, London, W.C.2. 


CONDUIT & FITTINGS 


THE METALLIC SEAMLESS TUBE CO. LTD. 
Ludgate Hill, Birmingham 3. 
Also: 


London, Newcastle upon Tyne, Leeds, Swansea and Glasgow. 
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SILICON RECTIFIER EQUIPMENT 


for high-efficiency AC to DC conversion 


Applications include :— 
D.C. Sub-Stations 
Plating and Anodizing 


Electro-Gas Processes 


Electro-Chemical Processes 


REGISTERED TRADE MARK 


One of the bays from a 2.6 MW silicon rectifier plant 
supplied by STC to South Africa for the electro- 
chemical extraction of metals from ores. SenTerCet 
100 amperes power diodes are mounted on to hollow oil 
cooled busbars in this assembly. 


Write for further information to :— 


Srandard Telephones and Cables Limited 


RECTIFIER DIVISION: EDINBURGH WAY - HARLOW - ESSEX 


COMPONENTS 
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Class H 


& everywhere 


Class H and Class C silicone-insulated dry type transformers are in the centre of 
things nowadays—in general use at load centres. And it doesn’t matter if it’s on 
the Ist or the 17th floor, in the factory roof or next to the warehouse. Class H and 
C dry-type transformers are safe—anywhere. Not affected by dust or humidity. 
Fire and explosion proof. And because they withstand repeated overloading, 
ratings need not be based on peak loads. 


Among the leading firms and organisations using Class H and C transformers 
are Shell, Unilever, The Steel Company of Wales, Vauxhall Motors, Ford Motors, 
Rolls-Royce, Pilkington Brothers, Central Electricity Generating Board, National 
Coal Board, Air Ministry, The BBC and British Railways. 


For safety, reliability and low maintenance costs, silicone-insulated transformers 
hold every advantage. 


MIDLAND SILICONES supply the silicone resins and elastomers for Class H and C 
transformers. Such transformers are manufactured by the following companies :- 
Associated Electrical Industries (Manchester) Ltd - Bonar, Long & Co Lid - Brentford 
Transformers Ltd - Brush Electrical Engineering Co Ltd - Crompton Parkinson Ltd - Denis 
Ferranti Co Ltd - The English Electric Co Ltd + Ferranti Ltd - Foster Transformers Ltd - The” 
General Electric Co Ltd» Gresham Transformers Ltd - Hackbridge & Hewittic Electric Co Ltd 
London Transformer Products Ltd - C A Parsons & Co Ltd « Bruce Peebles & Co Lid - South 
Wales Switchgear Ltd « Transformers (Watford) Ltd - Woden Transformer Co Ltd - The 
Yorkshire Electric Transformer Co Ltd. 
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CONTROLLE 
POWER 


Generally known for sternly withstanding fierce charges are G.E.C.’s 


silicon controlled rectifiers, ideal for power control and power switch- 


ing applications at voltages up to 400V and currents up to 70 A. 


Write for details to SEMICONDUCTORS 


THE GENERAL ELECTRIC COMPANY LIMITED* SEMICONDUCTOR DIVISION* SCHOOL STREET 
HAZEL GROVE *° STOCKPORT * CHESHIRE * OR, IN THE LONDON AREA, RING: TEMPLE BAR 8000 EXT. 10 
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nearly 10,000,000 cubic feet of boiler flue gas 
every 60 seconds at West Burton and Tilbury 


electro-precipitators by Lodge-Cottrell will clean it | 


Ges volume will be 5,500,000 cubic feet per minute at the new At Tilbury, four 350 MW reheat boilers will be operating with 
s station and 3,960,000 cubic feet per minute at OU precipitators. Guaranteed overall efficiency of each gas cleaning 


plant will be 99.3% 4 
on —a total of 9,460,000 cubic fect of gas tobe Linde Coriell, since being joined by Simon-Carves Precipitator 


a cleaned before emission to atmosphere. . Division, can point to eighty y caiiiaded jence in the gal 
Burton Lodge-Cottrell precipitators will beservingthefour cleaning field. Who then more fitted to be associated with these 
500 MW reheat boilers of the largest steam station in Europe. exciting projects ? 


Gas Cleaning Plant by LODGE-COTTRELL LTD Sp samc, LD 


GEORGE STREET PARADE - BIRMINGHAM 3 and at London.- Brussels - Calcutta - Johannesburg - Sydney - Toronto — 


FOR LONG SERVICE 
UNDER ARDUOUS 
CONDITIONS 


ONE OF A NUMBER OF “‘Y”’ FUSE SWITCHBOARDS INSTALLED 
OUT OF DOORS IN IRAN. BUSBARS CONNECTED DIRECT 
TO L.T. TERMINALS OF A POWER TRANSFORMER VIA REAR 
TRUNKING CONTAINING CURRENT TRANSFORMERS FOR 
INSTRUMENTS AND METERS. OUTGOERS CONSIST OF 
300 AMP., 160 AMP. AND 60 AMP. FUSE SWITCHES. 


ELECTRO MECHANICAL MFG. CO. LTD. 


Subsidiary of Yorkshire Switchgear Head Office and Works: EASTFIELD, SCARBOROUGH. Telephone: CAYTON BAY 441-2 
ond Engineering Co. Ltd., Leeds London Office end Showroom: GRAND BUILDINGS, TRAFALGAR SQUARE, W.C.2. Telephone: Whitehall 3530 
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H. C. COPPER 
COMMUTATOR 
SEGMENTS 


| 
1 
| 
| 


| 
Illustration by kind permission of British 
Railways, and Associated Electrical 


5 F Industries Limited (Traction Division) 
View of bogie showing the two motors 


in which Bolton’s H.C. commutator 
segments have been used. 


USED BY ASSOCIATED ELECTRICAL INDUSTRIES LIMITED 
IN THE MANUFACTURE OF THE FIRST 25kV 50 CYCLE _ 
A.C. LOCOMOTIVE 3C0OO SUPPLIED FOR SERVICE ON © 
BRITISH RAILWAYS. 


COMMUTATOR BARS AND SEGMENTS. All sizes and sections. 

Bars in random or exact (single and multiple) lengths. Segments 
sawn or stamped to shape. Stepped and other special sections. 
Double taper bars. Bars with radius on corners or on one or 
both edges. 


ry THOMAS BOLTON & SONS LTD 


Head Office : Mersey Copper Works, Widnes, Lancashire. Tel: Widnes 2022 
London Office & Export Sales Dept.: 168 Regent Street, W.1. Tel : Regent 6427 


Right: 2 (of 8) 1600 h.p. induction 
motors. Vertical spindle, closed air 
circuit type with coolers by Spiral 
Tube, For pump drives, manufactured 
by Laurence Scott & Electromotors Ltd., 
Norwich, for Brooklyn Pumping Station, 
Melbourne. 


CLOSED CIRCUIT 
COOLING BY... 


Over many years ‘the company’s technicians have pro- cooled, whilst for Transformer Cooling both water 


gressively developed special cooling equipment in con- and air-cooled designs are in use. Each installation receives 
junction with tne Electrical Engineering Industry. The individual attention, and is designed to meet with 
extensive knowledge gained thereby ensures the suc- requirements peculiar to the particular design and 
cessful solution of all cooling problems. For most instal- conditions. \s 
lations either water-cooled or air-cooled equipment is Other products include Air Heaters, Diesel Engine 
used, the usual Alternator or Motor Cooler is water- Coolers, Compressed Air Coolers. ' 


THE SPIRAL TUBE & COMPONENTS CO. LTD., OSMASTON PARK ROAD, DERBY. TELEPHONE: 48761 (3 LINES). 
Head Office: Abbey House, 16 High Street, Watford. Tel: 26781-2 + Scottish Office: Messrs. McCulloch & Miller, 24 Sandyford Place, Glasgow C.3. Tel: City 4704/5. 
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16 and 26 ampere 


[WESTINGHOUSE 


Tiinilor 


silicon controlled rectifiers 
up to 400 volts rating 


CS3i CcSs32 
Maximum forward current, 180° 
conduction 2c 16A 
Maximum surge current 580A S60A 
Maximum mean gate power Oo: SW O:5W 
Maximum sustaining current 50mA 25mA 
Maximum forward or reverse 20mA 20mA 
leakage current 
Typical turn on time 2us 2Qus 
Typical turn off time 20us 20us 
"gels + Sain 25 5 | 100 | 150 | 2 300 | 350 | 400 
reverse voltage, peak SO ig ‘OO 250 
16 ampere CS32B | CS32C | CS32D | CS32E | CS32G | CS32J | CS32K | CS32L | CS32M| CS32N 
26 ampere CS31B|CS31C | CS31D} CS31E|CS31G| CS31d | CS31K} CS31L |CS31M}| CS31N 


Applications include, static switching, control systems, 
regulation and control of a.c. and d.c. supplies, static 
inverters, constant voltage supplies, etc. 


For further information write to 


Dept. I.E.E.10/61 Rectifier Division, Unit-Section 
WESTINGHOUSE BRAKE AND SIGNAL CO. LTD., 82 York Way, King’s Cross, London, N.1 TERminus 6432 
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Ask for pamphlet 128! 


J SWITCHGEAR 
Up to [50 and 250 MVA 


CLASS 


ical range 
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A REYROLLE & COMPANY LTD 
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Siemens Ediswan 4-way, 4-wire 
Fuse or Link Disconnecting Box. 


~ 


Pi ee ieee SO 


Just think of the 
equipment 
with the . Distribution pillars and panels— Underground disconnecting 


boxes, branch boxes, service boxes and straight-through joints ~ 
n a m e Indoor and outdoor terminal boxes —Indoor and outdoor service 
fuses—H.T. and super-tension joints and sealing ends— 
Overhead service accessories —Rising mains systems 
— House service fuses and consumers’ control units — 
be h ; n d it | Jointing materials and accessories of every description. 
B 


GED CABLE DIVISION 


Associated Electrical Industries Limited 


DISTRIBUTION EQUIPMENT SALES DEPARTMENT 
145 Charing Cross Road, London, W.C.2 Tel: GERrard 9797 
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newest in Medium-voltage 
AIR-BREAK switchgear... 


The ‘ENGLISH ELECTRIC’ Class ‘M’ medium voltage circuit-breaker embodies 
the latest ideas in design and construction. It incorporates, for example, 
safety factors hitherto only associated with high voltage circuits. Easy to 
install, simple to operate and maintain, these circuit-breakers are totally 
enclosed under all service conditions and isolation is completed behind a 
closed door. The new range of time-controlled, direct-acting overcurrent 
tripping units give better performance and discrimination. 


Send for Publication SG/352A to: 
The ENGLISH ELECTRIC Company Limited, Switchgear Department, 
East Lancashire Road, Liverpool, 10. 


31 MVA at 415 volts. ASTA Certificate No. 3789. 


AY, J 800 and 1,600 amp breakers, 1,600 amp on 2’ 0” 
centres. Unitised busbars for ease of uprating 


and extension; up to 3,000 amps available. 
Automatically operated shutters screen cable and 


busbar connections when the breaker is withdrawn. 


Tue ENGLISH ELECTRIC Company Limitep, ENGLISH ELECTRIC House, STRAND, LONDON, W.C.2 
as 
WORKS: STAFFORD * PRESTON - RUGBY - BRADFORD ~ LIVERPOOL - ACCRINGTON 


SGL. 434 


INDEX OF ADVERTISERS 
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Reverse that squirrel cage motor! 


With a DONOVAN DIRECT-ON-LINE 
REVERSING CONTACTOR STARTER 


Mainly for reversing Squirrel Cage Motors 
and the stator connections of slip-ring 
motors up to 200 h.p., these starters, by 
modification and/or additions, can also be 
used for plugging in one or both directions 
when a quick stop is required. Push- 
buttons are fitted in lid on Size O and 
are separate for larger sizes. 
Contactors are always mechanically inter- 
locked for dependable operation but can 
be electrically interlocked in addition if 
required. Hand-reset thermal overloads 
are standard on sizes 0 to 3, and above 
size 3, magnetic pattern with dash-pot 
time lags. 
<q Type A35, Size 5 Reverser, Floor Fix- 

ing with Isolator and Ammeter. 

Type A35, Size 0 Reverser, General > 

Purpose Enclosure. 


THE DONOVAN ELECTRICAL CO. LTD. 
70-82 Granville Street, Birmingham | 
London Depot: 148-15! York Way, N 7. Glasgow Depot: 22 Pitt Street, C.2. 


Sales Engineers available in LONDON—BIRMINGHAM— 
MANCHESTER—GLASG OW-—BELFAST—BO URNEMOUTH 
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Can the (i> 
Insulation Oil Service 
help you? 


By using our regular sampling plan we can tell you if your 
transformer oil— 


* is fit for continued service 

% should be treated on site to restore 
its physical condition 

% should be works reconditioned to restore 
its chemical and physical properties 

%* is unfit for further service 


OIL SUITABLE FOR CONTINUED SERVICE 


Oil in this category should be tested every eighteen months 
or two years. 


TREATMENT ON SITE 


Where customers have no filtration equipment or their 
filters are inadequate, our Mobile Filter Unit is for hire 
on site. It can handle upwards of 1,000 gallons an hour. For 
treatment of moisture in the transformer windings we have 


Electrical Division, Castrol House, Marylebone Road, London, N.W.1 
Telephone: HUNter 4455 
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introduced our ILOVAC unit. It gives the same standard of 
oil conditioning on site as was previously available only at — | 
manufacturers’ works. The ILOVAC is capable of removing, 
almost completely, both dissolved water and air from 
transformer oil. 


RECONDITIONING OIL AT WORKS 


When the state of oil is so bad that treatment on site would 
be ineffective, our works reconditioning service is available. 
By this service only, can oxidised and acidic oil be restored 
to a standard suitable for future use. 


OIL UNFIT FOR FURTHER SERVICE 


When oil has deteriorated to such an extent as to be unfit 
for treatment, the transformer should be washed down 
thoroughly with clean oil to minimise contamination of a 
fresh charge. We can arrange for the disposal of the waste 
oil if you have any difficulty. 
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The conventional methods of providing for the depreciation of 
gineering plant are criticized on the grounds that they contain 
itrary features, and a general theory is formulated which is not 
bject to such criticism. The general theory is applied first to 
ividual projects, showing how the factors which affect depreciation 
rate, and secondly to an integrated industry, showing how the 

‘ogrammes for writing off the investments in the industry can be 

nace and the economic assessment of new projects facilitated 
consequence. The effects of variations in the value of money are 

so considered. 

The propositions are illustrated by numerical examples drawn, in 

e case of the application to an integrated industry, from the field of 

iblic electricity supply. 


| 
| 
SUMMARY 


(1) INTRODUCTION 


Most engineering projects require fairly heavy capital invest- 
ent, and it is the normal practice to charge interest on the 
pital and to provide annually for depreciation of the investment. 
he classical method of providing for depreciation is to set up a 
nking fund into which equal annual payments are made, the 
1yments being calculated so that, at the end of an appointed 
riod, the fund, with accumulated compound interest, amounts 
the original capital cost. If the interest on the fund is equal 
that on the capital this method is exactly equivalent to the 
ethod of redeeming mortgages on house property whereby, 
it of a constant annual charge, interest is first paid on the 
nount of the loan outstanding and the remainder of the charge 
en goes to redeeming a portion of the loan, the constant annual 
arge being calculated so as to redeem the whole of the loan by 
e end of the period. : 

An alternative method, which is known as the ‘straight-line’ 
ethod and is used for existing investments but not as a 
le for the economic assessment of future projects, is to 
ake the annual provision for depreciation constant instead of 
e total annual charge, so that the interest payments decrease 
iformly to zero at the end of the period. The classical 


Mr. Rudd is with Humphreys and Glasgow Ltd. 
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A GENERAL THEORY OF DEPRECIATION OF ENGINEERING PLANT 


By D. RUDD, B.Sc.(Eng.), A.M.I.Mech.E., Associate Member. 


(The paper was first received 5th May, and in revised form 17th August, 1960. It was published in November, 1960, and was read before 
the SUPPLY SECTION 15th February, the NORTH-EASTERN CENTRE 27th February, and the SouTH-EAST SCOTLAND SuB-CENTRE 4th April, 1961.) 


method and the straight-line method will be referred to as the 
conventional methods of providing for depreciation. 

In many concerns, notably those which invest at frequent 
intervals, the process of borrowing money may be separate from 
the process of investment. The borrowing periods may then 
bear little or no relation to the periods over which the invest- 
ments are written off, and the provision for depreciation of one 
investment may be used to defray part of the cost of a later 
investment, or for the purchase of securities, or as working 
capital, instead of to repay an external debt. It is therefore 
necessary to distinguish between provision for depreciation, 
which may be a matter of purely internal accountancy but which 
nevertheless determines the annual cost attributed to an invest- 
ment, and the arrangements for incurring and discharging 
external debts, the details of which are relevant in the present 
context only in so far as they affect the rate of interest. 

In the classical method of providing for depreciation, the 
total annual charge is made constant without taking account of 
how the factors which affect depreciation operate, and this 
arbitrary feature has the effect of casting doubt on assessments 
of the costs and economic lives of engineering projects and on 
comparisons of alternative schemes. The straight-line method 
is perhaps a little more realistic in this respect, but the constant 
provision for depreciation is arbitrary. Accordingly, the present 
purpose is to formulate a general theory of depreciation 
(Section 2), which takes account of how the factors affecting 
depreciation operate, and to apply it first to individual projects 
(Section 3) and then to an integrated industry having a more or 
less continuous programme of investment (Section 4). In the 
latter application, it is found to be possible to co-ordinate the 
programmes for writing off the individual investments in a 
manner which the arbitrary features inherent in the conventional 
methods have hitherto prevented. 

One of the phenomena to be taken into account in any 
programme for writing off investments is that of variations in 
the value of money, i.e. monetary inflation and deflation. The 
nature of this phenomenon is such, however, that it is easier to 
consider its effect on the fully developed theory than to introduce 
it at the outset. Accordingly, no mention is made of variations 
in the value of money until Section 5. 
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(2) GENERAL THEORY 


The term ‘engineering project’ is now widely used to connote 
any plant, aggregation of plant, station, works or other piece of 
engineering which is under consideration or in course of con- 
struction. Jn the absence of a recognized generic term to 
describe what an engineering project becomes when its con- 
struction is complete and it passes into service, the term 
‘engineering plant’ will be used with this meaning. 

The total annual cost of an engineering plant in this sense can 
be resolved into two components: 


(a) The capital charge, which is defined as the sum of the interest 
payable in respect of the plant and the provision for depreciation. 

(6) The current cost, which is defined as all other expenditure in 
respect of the plant. 


The general theory of depreciation is that the capital charge 
should be such as to make the total annual cost in every year no 
greater than the cost of the most economic alternative method of 
providing the same service. It is implied that the cost of the 
most economic alternative is itself assessed in accordance with 
the theory, but it will become apparent that this does not lead 
to an infinite regression. 

In terms of this theory, the economic life of an engineering 
plant is defined as the period after which it is more economical 
to replace the plant than to continue to use it, or the period after 
which either the plant is no longer physically capable of pro- 
viding the service required or the demand for the service ceases, 
whichever is the shortest. In either of the latter circumstances, 
the determination of the life of the plant does not involve 
economic considerations and is not considered further here. In 
the former case, it is more economical to replace a plant than to 
continue to use it only if the total annual cost (including an 
appropriate capital charge on the cost of replacement) after the 
replacement is less than the current cost (excluding any capital 
charge which may still be payable on the old plant) before the 
replacement. 


(3) APPLICATION TO INDIVIDUAL PROJECTS 


There are two primary factors which limit the economic life 
of an engineering plant: 

(a) Physical deterioration, i.e. wear and tear resulting from use 
and the action of the weather etc., whereby the plant becomes 
progressively less suitable for the purpose for which it was provided 
and consequently progressively more expensive to use. 

(6) Technological advance, whereby a cheaper or more efficient 
plant, or one requiring fewer. operators or less maintenance, becomes 
available during the life of the plant installed. 

The following secondary factors, as will be shown, affect the 
economic life as limited by the primary factors: 

(c) The capital cost of the plant. 

(d) The rate of interest. 

(e) The load factor. 

_ These factors are considered individually in the following 
Sections, the necessary mathematical formulae being derived in 
Appendix 8.1. 


(3.1) Physical Deterioration 


Assuming for initial simplicity that there is no technological 
advance and that the secondary factors remain constant, physical 
deterioration must bring about an increase in the current cost 
from year to year. In these circumstances the theory requires 
the total annual cost to be constant, so that it is never greater 
than that of a new plant constructed to provide the same service. 
The capital charge should therefore decrease at the same rate as 
the current cost increases, and the initial charge should be 
calculated so as to redeem the whole capital cost by the time the 
current cost equals the total annual cost, i.e. when the capital 
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Fig. 1.—Variation of current cost, capital mes and total annual cost 
of a project in the absence of technological advance and at 
constant load factor. 


Initial current cost = 50% of capital cost per annum, 
Rate of increase of current cost = 4% per annum. 
Rate of interest = 5% per annum. 


charge decreases to zero. If the trend of current cost has been 
correctly estimated, this event then marks the end of the eco 
nomic life of the plant. Such a process is illustrated graphically 
in Fig. 1. 

(3.2) Technological Advance 


Technological advance reduces the total annual cost of a new 
plant capable of providing the same service as the plant installed. 
The theory requires, therefore, that, if such advance is expected, 
the capital charge on the plant installed shall decrease year by 
year so as to make its total annual cost no greater than the 
decreasing total annual cost of a new plant constructed at an y 
time, as illustrated in Fig. 2. Thus, the effect of technological 
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Fig. 2.—Effect of technological advance on the economic life, capital 
charge and total annual cost of a project (constant load factor). 


Rate of decrease of total annual cost = 2% per annum. 
All other data the same as in Fig. 1. 
------ Fig. 1 repeated for comparison. 


advance is to increase the total annual cost of the piant in the 
early years and to shorten its economic life: in the example 
considered, the total annual cost in the first year is increased by 
16% and the economic life is shortened from 34 to 13 years by 4 
rate of decrease of the total annual cost of 2% per annum. 


(3.3) Capital Cost 
The effect of the capital cost on the economic lifé of a plant 
can be illustrated by comparing alternative schemes for providing 
the service required. If, for example, as an alternative to the 
scheme illustrated in Fig. 2, the current cost could be reduced by 
25% by doubling the capital cost, the economic life would b 
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jig. 3.—Effect of capital cost on the economic life, capital charge and 
total annual cost of a project (constant load factor). 


| Capital cost = 200% of capital cost in Fig. 2. 

| Initial current cost = 18-75% of capital cost per annum, 

i i.e. 75% of initial current cost in Fig. 2. 

i All other data the same as in Fig. 2. 

| ------ Fig. 2 repeated for comparison, with appropriate change of scale. 
‘acreased to 22 years and the total annual cost reduced by 7% 
hroughout that period, as shown in Fig. 3. It is, of course, 
jecessary that a higher capital cost should result in a lower 
‘Jurrent cost; otherwise the alternative would not need to be 
nvestigated. But with this proviso, it is clear from Fig. 3 that, 
hen alternative schemes are compared, the scheme involving 


e higher capital cost will have the longer economic life. 


(3.4) Rate of Interest 


| The effect of the rate of interest on the economic life of a 
jlant and the capital charge in the first year are illustrated in 


ig. 4. The economic life increases slightly with the rate of 
terest, and this increase partly offsets the effect which the 
uigher rate of interest would otherwise have on the capital 
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. 4.—Effect of rate of interest on the economic life and first-year 
: charge on a project (constant load factor). 


Data the same as in Fig. 2 except that the rate of interest is variable. 
Xx x Points represented by Fig. 2. 


by the rate of interest than it would be if either conventional 
method of providing for depreciation were used. 


(3.5) Load Factor 


The use which is made of a plant, i.e. its load factor, directly 
affects its current cost. Reverting to Fig. 2, if the load factor 
were such that the current cost were only half as great as in that 
Figure (all the other data being unaltered), the economic life 
would be 19 years instead of 13 years, as illustrated in Fig. 5. 
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Fig. 5.—Effect of load factor on the economic life, capital charge and 
total annual cost of a project. 


Initial current cost = 25% of capital cost per annum, __ 
i.e. 50% of initial current cost in Fig. 2. 


All other data the same as in Fig. 2. 
——--— Fig. 2 repeated for comparison. 


Moreover, if the plant were operated at the higher load factor 
for 13 years and circumstances then permitted the load factor to 
be reduced, the economic life would be correspondingly extended. 
In general, the economic life of a plant is sensibly determined 
by the final load factor at which it is operated. 


(3.6) Capital Value 


At any time after an engineering plant has been constructed 
(or even while it is still being constructed), it may become 
evident that some of the factors affecting depreciation have been 
imperfectly predicted, and that in consequence the total annual 
cost, including the capital charge laid down in the original 
programme, is appreciably more or less than the cost of the 
best alternative method of providing the same service. It is 
therefore necessary to distinguish between the unredeemed 
capital cost of the plant at any instant and its capital value. 
The unredeemed capital cost is defined as the sum which remains 
after deducting the successive provisions for depreciation from 
the original capital cost. The capital value, on the other hand, 
is defined as the greatest capital sum which it is possible to write 
off within the remainder of the economic life of the plant in 
accordance with the general theory, using the best available data 
at that instant. Whether and how often it is worth undertaking 
the valuation or revaluation of a plant depends on whether and 
to what extent its subsequent use is affected thereby. 


(4) APPLICATION TO AN INTEGRATED INDUSTRY 


In Section 3, attention was focused on calculating the 
temporal series of annual capital charges on a single engineering 
plant, by comparison with alternative methods of providing the 
same service. But, within an integrated industry having a more 
or less continuous investment programme for the purpose of 
providing a service, the general theory can be developed to 
enable the total annual costs of—and hence the capital charges 
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on—the plants providing that service to be compared with one 
another, year by year, without reference to the temporal series 
of charges or to costs obtained outside the industry. The 
method of application and the consequent development of the 
theory must depend on the factors from which the economy of 
each individual industry derives: it is, therefore, only feasible in 
the present context to apply the theory to one industry, namely 
public electricity supply, and within that industry to the provision 
of generating capacity. 

Electricity generation for public supply in Great Britain takes 
place in a number of generating stations, almost all of them 
thermal stations, interconnected by the Grid and Supergrid. 
(The existence of a small number of hydro-electric stations, 
depending on water storage, necessitates a modification of the 
development of the general theory, but in the present treatment 
this modification is omitted in the interest of simplicity.) In 
the natural course of events the stations in use at any one time 
differ widely in age, capacity, capital cost, thermal efficiency and 
works cost, but for any one thermal station, the total annual 
cost can be related to the output from the station by the 
approximate formula: 


dc = Sdp + Rdw + Odv (1) 


where 
dc = Total annual cost of station, £. 
op = Its output capacity, kW or MW. 
ow = Its annual output, kWh or GWh. 
ov = Its potential annual output, kWh or GWh, i.e. 
the annual output which would be produced if 
the generators in operation at any time were 
on full load. 
S, Rand Q = Constants which do not vary with the output or 
potential output and will be termed ‘cost 
parameters’. 
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frequently regarded as proportional to the annual output alone, 
but the binomial expression isa better approximation.) 

In order eventually to compare stations of unequal capacity, 
it is convenient at this juncture to eliminate dp from eqn. (1) by 
simple division, obtaining 


C=S + REO 
C = &c[dp, F = dw/dp and E = dv/dp 


Fis then proportional to the annual load factor of the station, 
whilst F/E is equal to the ‘plant load factor’ in the sense in which 
that term is normally used. 

Now the total capacity of all the stations is determined by the — 
peak demand on the supply system, but the demand fluctuates — 
daily and annually over a wide range and one of the principal 
advantages of public electricity supply, compared with private 
generation, is that the supply undertaking can co-ordinate the | 
outputs of the generating stations in order to minimize the total | 
running cost: thus, instead of allowing the output of every 
station to fall proportionately when the demand falls, the outputs — 
of stations with low running-cost parameters can be maintained © 
preferentially compared with stations with high running-cost — 
parameters. Neglecting as a first approximation the electrical” 
losses in the interconnecting system, the required co-ordination 
is achieved by listing all the stations in order of increasing | 
running-cost parameters, and bringing them into operation in — 
that order as the demand increases and shutting them down in 
the reverse order as the demand decreases. F 

On the basis of this list, the total capacity can be divided into 
sections (as many as may be convenient) of equal capacity, — 
arranged in order of decreasing annual output. In Table 1* 
the total capacity in Great Britain in the year 1948—49 is divided 
into twelve sections, and columns (ii)—(vi) give the sectional data | 
from which the factors, F and E, and running cost parameters, | 


QQ) 


where 


Table 1 
OUTPUTS AND COsTs 
Running cost component . 

iaeenn ae proportional to Current | Unredeemed ae Unredeemed Total 

Section Output : eopipprent ee Say Taterest Contelcost Apna 

Fi cael We eo? Actual Potential Annual oe ‘: ea forward Total Capital forward cose 

output output charge 

@) (ii) ii) (iv) (v) (vi) (vii) (viii) (ix) (x) (xi) (xii) (xiii) 
MW GWh GWh £ x 103 £ x 103 £ x 103 £ x 103 £ x 103 £ x 103 £ x 103 £ x 103 £ x 103 

1 857-5 5793 6852 7497 298 527 41677 1873 5 846 Daly 38 231 13 641 

Z 857-5 Side) 6851 7925 580 5373 30554 1373 5 102 4529 27398 13 607 

3 857-5 5421 6850 8 140 921 617 19058 856 4039 3 422 16492 13 100 

4 857-5 4971 6511 7507 1,123 670 11991 539 SWAN 3 067 9463 12367 

5 857-5 4389 5934 6 809 1208 700 7222 324 3355 2655 4891 11372 

6 857-5 4093 5532 6635 1296 739 4187 188 2885 2164 2229 - 10816 

7 857-5 3798 Lo 6539 1359 782 Z2NS 100 2 340 1558 TL 10238 

8 857-5 3172 4351 5 607 1399 838 861 3) 1909 1071 jis 8915 

9 857-5 2219 3393 4537 1269 896 419 19 1033 137 Si 6839 
10 857-5 1921 2818 4268 1254 931 — — 931 — — 6453 

11 857-5 1315 2217 3444 TSS 1057 — = 1057 — — 5654 | 

12 857-5 710 1 432 2697 932 1222 — — 1222 — — 4851 
Totals | 10290 43 582 532 71605 12,792 9552 118 184 SS 33 456 23 904 33 456 117853 


* £188 000 of surplus assets deducted. 
+ £188 000 of dead liabilities written off. 


The term Sdp is commonly referred to as the ‘standing cost’ 
of the station and is written here as a product purely for conve- 
nience. The sum Rdw + Q6dv is commonly referred to as the 
‘running cost’ of the station, and it is a matter of experience 
that the running cost is related to the annual and potential 
annual outputs approximately as stated. (The running cost is 


R and Q, can be calculated, as described in Appendix 8.2 
Figs. 6 and 7 show how these quantities vary from section to 


* All the data in columns (ii)-(ix) of Table 1 are obtainable from the station output 
records, plant performance records and station accounts, but the figures in the Ta’ 
though realistic, are not authentic. The costs of hydro-electric stations are repla 
by the costs of equivalent thermal stations, i.e. thermal stations having cost parameter: 
which would result in their occupying the respective places in the list. 
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Fig. 6.—Variation of F and E over plant sections. 
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Fig. 7.—Variation of R and Q over plant sections. 
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Fig. 8.—Variation of S and S’ over plant sections. 


section and within the sections. Column (vii) gives the 
current component of the standing cost, i.e. that part of the 
standing cost which is classified as current cost, for each section, 
and the corresponding cost parameter, S’ (the current component 
of S) appears in Fig. 8. Finally column (viii) of the Table shows 
the unredeemed capital cost of each section brought forward from 
the previous annual account, and column (ix) the interest payable 
thereon in the current year. 

By means of these data and eqn. (2), the total annual cost of 
any station can be compared with the cost of obtaining the 
output of that station by the alternative method of generating it 
in another station, e.g. the next station in the list. Neglecting 


’ RUDD: A GENERAL THEORY OF DEPRECIATION OF ENGINEERING PLANT 345 


as a first approximation the cost of interconnection, the general 
theory requires the former cost to be no greater than the latter, 
ve 

S, + RY, + QE; < Sy + RF, + Q.F, . . (3) 


where the suffices apply to the station first considered and the 
adjacent station respectively. Similarly, comparing the total 
annual cost of the second station with the cost of obtaining its 
output from the first station, the requirement is that 


S.+ Rofo t+ OF,< 8S; +R, +O . . @ 


But the capacity of any station is very small compared with 
the total capacity and hence F and E closely approximate to 
continuous functions, as illustrated in Fig. 6. Furthermore, in 
the year 1948-49, virtually all the thermal stations burned 
fossil fuel, used steam as the working medium and were listed 
for the most part in order of increasing age for operation 
purposes. In such circumstances, R and Q also approximate 
to continuous functions, as illustrated in Fig. 7. Hence eqns. (3) 
and (4) can be combined into the differential equation 


OS “OR Ee dO ye = 0) ae va. ai) 


The advent of nuclear power and the increasing construction 
of new peak-load stations, which are specially designed for the 
purpose and do not necessarily use steam as the working 
medium, make it necessary now or in the near future to 
recognize discontinuities in the graphs of Rand Q. At any such 
discontinuity, eqn. (5) is replaced by the difference equation 


AS RR RAO BS 0° 4] V6) 


where AS, AR and AQ denote the discontinuities in S, R and O 
respectively. 

In the present context, however, it is only feasible to give a 
numerical illustration of the general theory in respect of the 
single year 1948-49, and for that year eqn. (5) provides a 
sufficiently accurate approximation for the purpose. 

The range of validity of eqn. (5) is limited by the requirement 
that the capital charge on a station shall not be negative, i.e. 
the equation ceases to be valid where it leads to the standing 
cost parameter, S, being less than its current component, 5S’. 
Starting from the point at which S = S’, which has to be 
determined by iteration, the equation can be solved numerically, 
as described in Appendix 8.3, and the solution is presented in 
columns (x)-(xiii) of Table 1 and in Fig. 8. Column (x) of the 
Table shows the standing cost of each section, as calculated 
from the equation, and column (xi), the capital charge. The 
variations within the sections of the standing cost parameter, S, 
and of its current and capital charge components, are shown in 
Fig. 8, from which the capital charge on any particular station 
can be ascertained by interpolation. Finally, column (xii) shows 
the unredeemed capital cost of each section, carried forward to 
the next annual account, and column (xiii), the total annual cost 
in the current year. 

In the foregoing solution, the point at which S = S’ is in the 
ninth section and there is no capital charge against any of the 
stations which lie beyond this point in the list. These stations 
have reached the ends of their economic lives and should 
be classified as obsolete, although some of them have not 
been completely written off in the previous annual account. 
Conversely, the capital charges against some of the stations 
which are not yet obsolete are greater than necessary to write 
off completely their unredeemed capital costs. In the former 
case the unredeemed capital cost of an obsolete station consti- 
tutes a liability for which there is no corresponding asset and 
which may therefore be termed a ‘dead’ liability, whilst in the 
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latter case the excess capital charge on a station, after the capital 
cost has been completely written off, constitutes an asset for 
which there is no corresponding liability, and which may there- 
fore be termed a ‘surplus’ asset. Accordingly, the point at 
which S = 5S" has been determined so as to equate the total dead 
liabilities and the total surplus assets, as described in Appendix 8.4 
and illustrated in Fig. 9. (For the purpose of illustrating the 
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Hatched area B represents surplus assets. 


method of determination. it has been assumed that the unre- 
deemed capital cost per unit of capacity is a continuous function, 
but such continuity is not a necessary condition because only 
the magnitude of this quantity, and not its derivative, is used in 
the computation.) 

In the first year of application of the general theory, the 
unredeemed capital costs brought forward from the previous 
account must necessarily have been obtained by a conventional 
method of providing for depreciation. If the method has 
tesulted in the total capital charge in previous years being 
smaller than would have been required by the general theory, 
the effect of making the foregoing totals precisely equal in the 
first and every year would be to bring about a transient increase 
in the total charge beyond what is ultimately necessary, or a 
transient reduction if the total charge was previously too large. 
Moreover, the inevitable imperfections of load forecasting and 
station design, which lead to the accumulation of dead liabilities, 
would probably produce erratic fluctuations in the total charge, 
even after the initial transient fluctuation had decayed. It may 
therefore be necessary to permit temporary inequalities between 
the total dead liabilities and the total surplus assets in order to 
even out such fluctuations and prevent them from being reflected 
in the trading account. Nevertheless, the general theory enables 
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the total capital charge and the charge on every station to be 
determined year by year, without the necessity of long-term 
estimates of the economic lives of the stations or the future 
trends of the factors which affect depreciation. 

One of the purposes of computing the data in Table 1 is to 
enable the estimated costs of new projects to be assessed against 
the background of the whole industry. For this purpose it is 
necessary to extrapolate the data provided by successive annual 
analyses to cover the prospective economic lives of the projects 
to be assessed, and the accuracy of the extrapolation will 
diminish with distance into the future. But the conjectural 
element in such extrapolation is greatly reduced if the pro- 
grammes for writing off the individual stations are co-ordinate 
Thus, it is apparent from Fig. 10 that, if obsolete plant is 
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Fig. 10.—Relation between total annual cost and output. 


x Xx xX Points calculated from Table 1. 
Empirical relation. 


excluded, the total annual cost of any station is related to its” 
annual output by the approximate empirical formula ; 
: C= A+ki ae 
where H = £3-5 per kW, 
K = £0-001 86 (0-447d.) per kWh, 
and that greater accuracy could be obtained, if it were desired, 


by introducing a term in F?. 
Now, from eqns. (2) and (5), 


(7) 


dC = RdF => Odea ae 
and, from egns. (2) and (6), at any discontinuity in R or QO, 
AC = 05.34 as (9) 


C is therefore a continuous function of F and &, and it is 
reasonable to suppose that some simple relationship, such as 
that exemplified by eqn. (7), will be found to persist in successive 
annual analyses and that the coefficients will vary only gradually 
from year to year. If this supposition is correct, the rate of 
variation of the coefficients is a valid measure of the rate of 
technological advance in the supply industry, and the coefficients 
themselves can be forecast in much the same manner as the 
peak demand and total annual output are forecast at present. © 


(5) VARIATIONS IN THE VALUE OF MONEY 
Monetary inflation is one of the oldest of economic phe- 
nomena, but it is only in recent history that seriows attempts 
have been made to measure variations in the value of money. 
Such attempts presuppose that money is no longer to be regarded 
as the sole standard of value, and ee ae 
up a new standard, values which are related to the new s 


dard being then described as ‘real’ to distinguish them from 
‘monetary values. Perhaps the most acceptable standard of real 
value at the present time is that afforded by the Retail Price 
| Index, in as much as it appears to be less affected than the other 
| price indices by variations in individual factors, such as the 
prices of particular materials and the terms of foreign trade, 
when such variations occur independently of the value of money; 
\however, the propositions in this Section are not affected by 
| which index is adopted and the foregoing suggestion is no more 
(than tentative. 


| The capital charge, x (£), on an engineering plant (or collection 
| of plants) in a given year comprises the interest payable on the 
junredeemed capital cost brought forward from the previous 
jannual account plus the provision for depreciation: i.e. 


| x=rd+(A-—B) (10)* 


‘where 100r denotes the rate of interest (% p.a.) compounded 
jannually and A and B denote the unredeemed capital costs (£) 
‘brought forward from the previous annual account and carried 
|forward to the next annual account respectively. 

| If x, A and B are real quantities, the corresponding monetary 
‘quantities, x’, A’ and B’, are given by 

Bae ef AeA Ba—sps (11) 
'where 1007 and 100J denote the price index (base 100) at the 
‘beginning and end of the year respectively. 

| The corresponding equation in terms of monetary values is 
jthen 


| x’ = 7'A’ + (A’ — B’) 


(12) 


where 100r’ denotes the monetary rate of interest. 

From eqns. (11), if the price index increases by 100i% during 
the year, i.e. J = J(1 + i), the monetary provision for deprecia- 
tion is related to the real provision by the equation 
A’ — B’=(A—B)J — Ali (13) 
and, from eqns. (10), (11) and (12), the monetary rate of interest 
is related to the real rate by the equation 


r=r+ict+ri (14) 
Hence, applying the general theory to the real quantities, i.e. 
to the real capital charge and the real total annual cost, it can 
be shown that the effect of variations in the price index depends 
on: 


(a) Whether the financial arrangements by which the capital is 
made available are expressed in terms of real or monetary values, 
i.e. whether a real or monetary rate of interest is specified. 

(6) Whether the variations in the price index can be predicted. 


From eqns. (13) and (14), if the real rate of interest were 
specified, the effect of inflation would be to reduce the successive 
monetary provisions for depreciation and to increase the 
monetary rate of interest. For example, for the project con- 
sidered in Fig. 2, if the price index were to vary from 100 to 104 
in the first year of operation, the calculations would be as 
follows: 5 


Real Monetary 

account account 
Capital charge (from Fig. 2) 18-8 19-6 
Subtract interest payment 5:0 9:2 
Provision for depreciation .. se 13-8 10-4 


Js * Cf. eqn. (16) in Appendix 8.1. 
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Real Monetary 
account account 
Initial capital cost brought forward 100-0 100-0 
Subtract provision for depreciation 13-8 10-4 
Unredeemed capital cost carried for- 
ward 86-2 89-6 


If this rate of inflation (4° per annum) were to persist 
throughout the life of the plant, it would be written off as 
illustrated in Fig. 11. 


= 


UNREDEEMED CAPITAL COST, % OF CAPITAL COST 


Fig. 11.—Programme for writing off an engineering plant. 


Rate of monetary inflation = 4% per annum. 
All other data the same as in Fig. 2. 

Real value. 

—-— Monetary value. 


Deflation would have the opposite effect, i.e. it would increase 
the monetary provisions for depreciation and reduce the mone- 
tary rate of interest. But the economic life of the plant, being 
calculated in terms of real values, would be unaffected by 
variations of the index in either direction. It would, therefore, 
make no difference whether the variations could be predicted 
or not. 

In practice, however, capital for engineering projects is 
normally made available by means of loans at specified 
monetary rates of interest. (In the privately owned sector of 
industry, capital is raised by issuing equity shares, but an 
individual project is normally required to pay interest or to 
produce a return on its capital cost at a specified monetary 
rate.) With such an arrangement, the real rate of interest, r, 
equivalent to the specified monetary rate, r’, can be derived 
from eqn. (14), obtaining 


(15) 


If, therefore, the movements of the price index can be pre- 
dicted, the equivalent real rate of interest can be incorporated 
in the programme for writing off the plant. Inflation then 
reduces the real rate of interest and hence reduces both the 
economic life of the project and the real capital charge, as 
illustrated in Fig. 4. For example, if the monetary rate of 
interest were 5°%% per annum and the predicted rate of inflation 
were 4°% per annum, the real rate of interest would be 1:0% 
per annum. The economic life of the project considered in 
Fig. 2 would then be 12 years (instead of 13 years) and the 
initial real capital charge would be 17-:7% (instead of 18-8%) 
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of the original capital cost. 
would be as follows: 


The calculations for the first year 


Real Monetary 

account account 
Capital charge (from Fig. 4) Tig. 18:4 
Subtract interest payment 1:0 5-0 
Provision for depreciation .. 16-7 13-4 
Initial capital cost brought forward 100-0 100-0 
Subtract provision for depreciation 16-7 13-4 

Unredeemed capital cost carried for- 

ward 83-3 86°6 


It may be objected that a reduction in the real rate of interest 
which results from inflation is obtained at the expense of those 
who have lent the capital at a specified monetary rate of interest, 
and hence that it is not in the national interest to take advantage 
of the reduction in drawing up the programme of capital charges. 
To overcome this objection, however, it is only necessary to 
stipulate that the predicted trend of the price index shall be 
available to both parties to the loan: it is then a fair assumption 
that both parties have discounted the trend and accept the 
equivalent real rate of interest. With this stipulation there is 
no reason why the equivalent real rate should not be used in 
calculating the capital charges. 

The process of predicting the trend of the price index is a 
separate study which will not be pursued here. It is evident, 
however, that the index is subject to erratic variations which 
cannot be reliably predicted. Such variations can be dealt with 
only by correcting the capital charge as and when they occur. 
Now the real capital value of a plant at any instant is determined 
by the prospective real rate of interest, as calculated from the 
monetary rate of interest and the predicted trend of the price 
index, during the remainder of the economic life of the plant. 
The real capital value is therefore unaffected by unpredicted 
variations in the index and the only correction to be made is to 
the interest payment, in accordance with eqn. (15). Assuming 
for simplicity that the predicted variation in the index was zero, 
but that the index actually increased from 100 to 104 in the first 
year, the calculations for the example considered in Fig. 2 
would be 


Real Monetary 
account account 
Initial capital cost .. ae Z 100-0 100-0 
Subtract capital value, with a pros- 
pective real rate of interest of 5% 
p.a. 86-2 89-6 
_ Depreciation .. a * ee 13-8 10-4 
Add interest at the monetary rate of 
Si Alone 1-0 5-0 
Capital charge 14-8 15:4 
Predicted capital charge 18-8 


There is thus a discrepancy between the predicted real capital 
charge and the charge actually made. The magnitude of the 
discrepancy depends on the capital value of the plant, and the 
discrepancies in successive years will therefore decrease as the 
plant depreciates, but they may be cumulative over the life of 
the plant and can then be regarded only as a windfall gain (or 
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loss). But whereas a windfall gain or loss which comes about 


as the result of predicting incorrectly the rate of technological ) 
advance, for example, is the inevitable consequence of the 


inherent unpredictability of the course of events, the discrepan- 
cies arising from monetary inflation or deflation could be 
obviated by paying interest at a specified real rate instead of at a 
specified monetary rate. The variations in the price index, 
whether predicted or not, would then have no effect on the real 
capital charge. 

Whatever the arrangements by which the capital is made 
available, the real and monetary capital values of the plant 
must both eventually decrease to zero, as illustrated in Fig. 11. 
Hence, apart from differences arising out of imperfect prediction 
of the factors affecting the economic life of the plant, the sum of 


the real provisions for depreciation over the whole economic © 


life must equal the original real capital cost and the sum of the 


monetary provisions for depreciation must equal the original — 


monetary capital cost, i.e. the ‘historic’ cost in both cases, not 
the cost of replacement. Thus if, for example, an undertaking 
which does not expand or contract or advance technically has a 
more or less continuous programme of investment to replace its 
plants as they reach the ends of their economic lives, the total 
real capital value of the plants will remain approximately 
constant. 


continuous increase in the total monetary liability of the under- 


taking, but the total monetary capital value of the plants will 


increase at exactly the same rate, so maintaining the necessary 
balance between the total assets and total liabilities of the 
undertaking. Any attempt to provide for the replacement 
costs of the plants would produce an imbalance between these 
two totals. 


(6) CONCLUSIONS 


The general theory of depreciation of engineering plant, 
which has been derived from acceptable economic principle, is 
applicable to individual projects and to integrated industries 
having more or less continuous investment programmes. 

The factors which affect the economic life of an individual 
engineering project are primarily physical deterioration and 
technological advance and secondarily the capital cost of the 
project, the rate of interest and the load factor. The general 
theory shows that the economic life varies inversely with the 
rate of physical deterioration, the rate of technological advance 
and the load factor, and directly with the capital cost and the 
rate of interest. 


From a knowledge of the factors from which the economy of — 


an integrated industry derives, the general theory can be developed 
to provide a virtually automatic method of determining year by 


economic lives of the individual plants or the future trends of 
the factors which affect depreciation. As a result of this 


development, the conjectural element in economic assessments — 


of new projects, which rely on the extrapolation of cost data for 
the whole industry, is greatly reduced, and the way is pointed 


to correlating the data provided by successive annual analyses — 


and extracting cost coefficients which are a valid measure of 
technological advance throughout the industry. 


With the normal method of borrowing capital, at a specified — 
monetary rate of interest, predicted variations in the value of 1 
money can be incorporated in the programme of capital charges — 


on a project or group of projects by a simple computation of the 


real rate of interest in terms of the monetary rate and the rate of — 


inflation or deflation. But unpredictable variations cannot be 
so incorporated and may lead to cumulative discrepancies” 


In the event of inflation the monetary replacement 
costs of the plants will continually increase, necessitating a — 


- year the total capital charge for the industry and the charge on ~ 
every plant, without the necessity of long-term estimates of the — 
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| between the predicted capital charges and the charges actually 


made. These discrepancies would be obviated if the real rate 


_ of interest were specified: variations in the value of money, 
| whether predicted or not, would then have no effect on the real 
| capital charge. 


Whatever the method of raising capital, apart from inexact 


| predictions, the sum of the provisions for depreciation of a plant 


over its whole economic life must equal the ‘historic’ cost of the 
plant, not its replacement cost. 
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(8) APPENDICES 
(8.1) Formulae for the Capital Charge on an Individual Project 


Let Ay = Capital cost of project, £. 
A,, = Unredeemed capital cost after m years, £. 
n = Economic life, years. 
1007 = Rate of interest (% p.a.) compounded annually. 
Xm = Capital charge in mth year, £. 


Then Xm = TAs 4 ata (Ars cae An) (16) 
whence 
A= AS a= ar) = x,, 
4 Ay—21 =y a ae ee ti co) — Xm 
= Ao(l ae nym _ x1 aa rym <a x(1 i ryn—2 sixehe 
Peet ih er) 5 (17) 
and it is a necessary condition that A, = 0 (18) 
(8.1.1) Constant Capital Charge (Classical Method). 
Xm = X, = constant 
Therefore, from eqns. (17) and (18), 
A, = Ag + ry" — [0 +" -1] = 0 

whence = A (19) 


eT a ph) 


(8.1.2) Exponentially Decreasing Total Annual Cost with Exponentially 
Increasing Current Cost (Figs. 1-5 and 11). 


Let y,, = Current cost in mth year, £. 
100a = Rate of increase (% p.a.) in current cost. 


100b = Rate of decrease (% p.a.) in total annual cost. 


Then yay esa} (20) 
and Xm + Im = G1 +7) — 5"! (21) 
Hence, from eqns. (17) and (18), 
+n" = — 5)" 
Aol +r)" — Oy +yo| pec | 
abies ect ay") 

=1)3 | Beta | 0 

Now (xy +) — 5)" = y,0 4+ a)” (22) 
- Therefore 


Ag + br — a) = xr —@) ~via + [1 —GU +r)" + a)" 
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tie r—a 
Substituting s = ae 

(a + bf1 —( +5)-" 

x, = Ap(r +b) + y1 L = as 

zea: Ss 
Therefore, substituting u = i-d+s"* 
me vila + b) 

2 Gt = Ao(r ce b) 25 ud + a) . (23) 
where u is obtainable from orthodox annuity Tables [cf. 
eqn. (19)]. 

And from eqn. (22), 
log 1 + 1/1) (24) 


”~jog[d +a/d —d)] ° 


Thus, x; and n can be computed from eqns. (23) and (24) by 
iteration. 


(8.2) Construction of Figs. 6 and 7 and S’ in Fig. 8 


The Figures are constructed from the data in Table 1 by 
means of the following approximations (which can be replaced 
by more elaborate approximations if greater accuracy of 
computation is desired): 


(a) All the quantities represented, i.e. F, E, S’, R and Q, vary 
continuously with respect to p, the total capacity of all the stations 
preceding a given station in the list; i.e. each quantity has a single 
magnitude corresponding to any magnitude of p. 

(6) The quantities vary rectilinearly over each half-section of 
plant, and over the whole of the first and twelfth sections. 

(c) The magnitude of a quantity at the boundary between two 
sections is equal to the average of the mean magnitudes of the 
quantity within the sections. 


Now let P = Capacity of every section (kW or MW), 
Fo, F4, F,, etc. = Magnitude of F when p = 0, 4P, P, etc. 
Fo, Fiz, Fo3, etc. = Mean of F between the limits 0 < p < P, 
Pip <2 PP << DB <3 PI CLC. 


Then, in accordance with the foregoing approximations, the 
magnitudes of F at the boundaries and centres of the sections 
are given by 

Fo = Fo, + 4(Foi — Fiz) 
By = Kgs 
Fy = (Fo, + Fy2) 


——, 


Fyy = Fin + 4[Pi2 — Fs) — Por — Fir] (25) 
F, = 4(F\. + Fy) 
Foy = Fy3 + 4[(Fo3 — Faq) — Fo — Ba)] 


etc. 
and the equations for E, S’, R and Q are exactly similar. 


(8.3) Numerical Solution of Eqn. (5) 

From egn. (5), using the approximations in Appendix 8.2, the 
difference between the magnitudes of S across any half-section, 
within the range of validity of the equation, can be obtained by 
integration. or example, over the first half of the third section, 


Sy — So = 4(Rox — Ro)(Fo + Fay + 3(Q24 — Q2)(E + Eny) 
(26) 


Thus, if the magnitude of S is known at any point, the magni- 
tudes at the boundaries and centre of every section can be 
computed. 
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Also, the magnitude of § for any section can be obtained by 
a second integration. Thus, for the first half of the third 
section, 


23 
Jsa¢ PIP) = 1(S, + Sp) + 2 Ra — RM — Fy) 
+ #(Q23 — QO. Fy — Eyy) 


in which it is found in practice that the second and third terms 
on the right-hand side are negligibly small in comparison with 
the first term. 


Similarly, | Sd(PIP) = WSrx + Ss) 


whence S53 = 2S, + 2853 + S3) (27) 


(8.4) Determination of Point at which S = S’ 


Let S” = Capital charge component of S, ie. S= S’ +S”, 
and when S = S’, S” = 0. 
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D = Unredeemed capital cost per kilowatt of output 
capacity brought*forward from previous annual 
account, £/kW. 

rD = Interest payable on D, £/kW. 


Then the unredeemed capital cost per kilowatt, carried forward 
to the next annual account, is equal to D+ rD — S". 

Using the same approximations for D as were used in 
Appendix 8.2 for F, etc., graphs can be plotted of D + rD and > 
S” over, say, the seventh, eighth and ninth sections, for any 
trial point at which S” = 0, as illustrated in Fig. 9. 

Then the area under the graph of D + rD beyond the point 
at which S” = 0 represents the total dead liabilities, and the area 
‘bounded by the graph of S” and the graph of D + rD, over the 
range in which S” > D + rD, represents the total surplus assets. 

Now if the graph of S”’ were lifted bodily by a small increment, 
sO maintaining the differences calculated from eqn. (26), it can 
be seen that the point at which S” = 0 would move to the right, 
the total dead liabilities would be reduced and the total surplus — 
assets increased. Lowering the graph of S’’ would have the ~ 
opposite effects. Hence the point at which S$’ =0 can be 
chosen so as to equate the two totals, and has been so chosen ~ 
in Fig. 9. 


DISCUSSION BEFORE THE SUPPLY SECTION, 15TH FEBRUARY, 1961 


Mr. J. M. Drummond: The Central Electricity Generating 
Board use the straight-line method of depreciation. The con- 
ventional accounting period is one year, and we must ensure 
that in that period we do not overstate our profits and that 
the accounts include a proper charge for depreciation, as laid 
down in the Electricity Act, which also requires us to keep our 
accounts in accordance with the best commercial standards. 
Depreciation provision must allow for wear and tear and 
obsolescence. In addition, treatment should be uniform and 
consistent. 

In my view there is no such thing as a precise measurement 
of depreciation over one year; it is an arbitrary assessment. 
For generating plant—incidentally, I should be interested to 
know how the author would apply his general theory to the 
Board’s transmission assets rather than the generating plant— 
past experience shows that an economic life of some 30 years 
can be expected. In present circumstances it is economic to 
keep old plant available for peak purposes although it may be 
fully written-off. 

It does not follow that the future will show exactly the same 
course of events and there is another element to be considered, 
that of financial prudence. Allowing for developments (who, 
30 years ago, would have foreseen present nuclear develop- 
ments?) and obsolescence, it is not financially prudent to assume 
that generating plant will last so long, and these considerations 
have led the Board to decide to write off conventional generating 
plant over 25 years. The basis adopted is simple and facilitates 
an accurate forecast of depreciation provision for many years 
ahead. Accurate forecasts are essential because we have to 
submit capital investment estimates to the Treasury and obtain 
capital allocations. 

In the author’s general theory I assume that by ‘providing 
the same service’ he means producing electricity in some other 
way. For the current year, that is a straightforward question 
of incremental fuel costs and depreciation does not enter into 
it. I am forced to the conclusion that the author is looking 
several years ahead and assuming that plant will be provided 
as required by the theory. His paper bears this out, because 
he mentions the necessity to make assumptions about factors 
such as the rate of technological advance, load factor, rates of 


interest and capital costs. We need a period of five years for 
planning and constructing power stations. Therefore, if we are 
to compare what the cost may be in five years time with the 
plant in the lowest merit order at that time, it is necessary to 
get a reasonable prediction of all those factors. 

All the factors introduce the element of possible error into 
the forecast, not only of the depreciation provision itself, but 
of the quantity of plant programmed. In Section 3.6 the author 
writes: ‘. . . it may become evident that some of the factors — 
affecting depreciation have been imperfectly predicted, and that 
in consequence the total annual cost, including the capital charge 
laid down in the original programme, is appreciably more or 
less than the cost of the best alternative method of providing 
the same service.’ I suggest that all these factors are likely to 
be imperfectly predicted. 

The author has gone back to the 1948-49 generating plant 
position for his illustration and points out that the extremely 
small hydro-electric plant then existing would necessitate modi- 
fication of his theory. How then would he cope with the fore- 
casting of nuclear plant development and the economics of 
pumped-storage schemes ? 

I ask myself whether the author’s theory is not more related 
to the economic assessment of projects than to depreciation. 
I see no harm in drawing a distinction between the basis for 
an economic assessment and that used for depreciation cal- 
culations: There is an element of financial prudence which 
must be considered in the statement of profits. 

Professor W. G. Bickley: I have watched the development | 
of the author’s ideas and their expression in mathematical lan- 
guage with interest. When I first started trying to teach 
engineers mathematics many years ago, mathematics among 
engineers was hardly respectable, and, indeed, many lecturers 
in engineering were loath to use it. However, nowadays there 
are very few mathematical techniques which some engineer has 
has not used to help solve his problems. 

When one reflects upon the material and philosophical changes 
which men such as Newton, Maxwell, Kelvin and Einstein have 
brought about in human progress, I think one must admit that 
not only in physical science but in other regions as well the 
impact of mathematics produces remarkable effects. In par- 
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icular, the time has come when mathematical thinking should 
xe applied much more consistently in the regions of economics 
ind sociology. The author has in fact tried to do something 
pf this, admittedly at the moment in only a small region. 
| Mathematics, of course, is not only a set of formulae: it is 
uso a way of thinking. 
| I have sometimes been impressed by the faith which my 
mgineering students, and in particular postgraduates, seem to 
ve in the ability of mathematics to work miracles. It will 
ot do that, of course, but what it can do is to enable one to 
xpress rather more accurately one’s ideas about things, and 
hen to deduce consequences which can show whether the ideas 
ave some pretence to be sound or not. 
I am absolutely sure that the way of thinking about this 
oblem which the author has exemplified is bound, if one 
ollows it patiently and honestly, to lead to results which are 
oing to be of practical importance. It is in contrast to the 
omplacency with which the accountants retain their old ideas 
and to the way in which they appear to resist, and profess 
themselves unable to understand, the new ones. The marks 
which they make on paper do not always correspond with 
tangible realities. 
| Ultimately, however, it is upon the soundness of the basic 
ideas that the truth of the conclusion rests. Even mathematics 
cannot produce truth out of falsehood. 
Mr. D. J. Bolton: In his introductory remarks the author 
eferred to the difference in practice between the project engineer, 
ho has to make an economic assessment, and the accountant, 
ho has to deal with the plant when it is bought. The project 
ngineer uses the sinking-fund method, or some economically 
equivalent device, because it gives equal capital charges for each 
year of the asset’s life. 
| The comparison drawn between the effects of the two 
methods is misleading. It is true that if you have a single asset 
the difference between the straight-line and sinking-fund methods 
is substantial, but that is not the position with an electricity 
undertaking which may have several thousand assets with some 
hundreds of different times of installation and replacement. The 
difference between the two methods in respect of annual depre- 
ciation contribution is then slight and may be either way round. 
There is, of course, a substantial difference in respect of the 
accumulated reserve and it is always the same way round.*) 
A classical definition of depreciation would be ‘expired capital 
outlay’ or ‘the fall in value of wasting assets arising out of their 
se or tenure’. The definition in Section 2 has nothing to do 
with the assets but relates to depreciation provision, and the 
annual spread of such provision is necessarily arbitrary. I agree 
with Mr. Drummond that you cannot define annual deprecia- 
tion in any exact manner. You buy at a certain price and you 
ap at a certain price so many years Jater. Total depreciation 
is factual, but how you apportion it between the years must 
be arbitrary, and the author’s method is as arbitrary as any of 
he others. It must stand or fall on the basis of convenience 
and on that basis I suggest it falls. The uses of a depreciation 
ormula are twofold, economic assessment and accounting. 
The author’s formula is unsuitable for the first and is less con- 
. enient than either of the standard methods for the second. 
The effects of his proposals are to load the earlier years more 
heavily and the later years less heavily, but one of the reasons 
given for this, namely technological advance, is not a valid one. 
What happens in the outside world does not affect the distribu- 
ion of depreciation. It affects the question of when to scrap 
but not what proportion is depreciated each year. 
' Dr. S. Eilon (read by Mr. J. R. King): Of the two conven- 
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tional methods mentioned for evaluating depreciation, the 
sinking fund provides for an imaginary fund into which equal 
annual payments are made, so that with compound interest the 
annual depreciation figures gradually increase and the “book 
value’ curve of the present equipment is convex upwards, as 
shown in Fig. A*; in the straight-line method the annual depre- 


lo 


BOOK VALUE, 


A.—Three depreciation methods over 25 years. 


(a) Sinking fund (6%). 
(6) Straight line ne (4 Yo)- 
(c) Declining balance (6%). 


Fig. 


ciation figures are constant and the ‘book value’ is a linearly 
decreasing function. A third method which deserves to be 
mentioned here is that of declining balance, where depreciation 
is computed as a percentage of the current book value, which 
now becomes convex and is in some cases a more realistic 
representation of the actual value of the equipment.j Con- 
ventional theories of economic equipment replacement are based 
on an analysis of the total annual cost function (the economic 
life corresponding to the minimum on this curve) and on com- 
parison with similar cost functions of challenging equipment. 
While such an analysis is usually demonstrated for the straight- 
line method, it can be adapted and extended for other depre- 
ciation methods, accounts of which have been published.t Will 
the author comment on these methods and indicate the difficul- 
ties, if any, in applying them in practice? 

The criticism that all these conventional depreciation methods 
are arbitrary is justified, and a cursory study of the depreciation 
percentages by the straight-line method allowed by the Inland 
Revenue, for example, is enough to convince one of this argu- 
ment. But in expounding the general theory of depreciation the 
author still left the door wide open for arbitrary decisions. 
First, he suggests that ‘the capital charge should be such as to 
make the total annual cost in every year no greater than the 
cost of the most economic method of providing the same 
service’, and secondly that ‘the cost of the most economic alter- 
native is itself assessed in accordance with the theory’. This 
argument implies that the total cost function is arbitrarily fixed 
(by appropriate adjustments of the depreciation values) at some 
level between the current cost and the total cost of the alter- 
native equipment (the challenger), which is in itself arbitrary 
as it must be defined between the current cost and that of 
another challenger. Surely, the dominant factor here would 
be the economic life of the equipment, during which the acquisi- 
tion costs must be written off. The excellent treatment of 

* See also GRANT, E. L.: ‘Principles of Engineering Economy’ (Ronal Press, 
1950), Chapter 10. 

+ See, for example, TERBORGH, G.: ‘Dynamic Equipment Policy’ (McGraw-Hill, 

ego IRGH, G.: loc. ci 
Maynarp, H. B. (ed): Industrial Engineering Handbook’ (McGraw-Hill, 1956), 


Section 7, mae cg 7 <5 
‘The Economics of Plant Renewal and Replacement’, 
Proceedings of ihe v Tnatitistion of Mechanical Engineers, 1957, 171, p. 469. 
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annual capital charges in Section 8.1 suggests that, if deprecia- 
tion is not confined to any of the conventional methods, there 
is enough room for manipulating suitable values of x,, for a 
wide variety of total cost functions, but that such an analysis 
cannot be separated from considerations of economic equipment 
replacement. Will the author comment on how he would make 
comparisons with challengers without reverting to a lengthy 
regression, when apparently all the ‘standards’, so to speak, 
that we want to compare with are in themselves arbitrary and 
interdependent ? 

Returning to the author’s first contention that the total annual 
cost in every year should not exceed that of a challenger’s, I 
suggest it would be both sound and realistic to allow the total 
cost to exceed that of a challenger during some years, provided 
that the average cost during the equipment’s lifetime was lower. 
Take as a simple illustration the case where the current cost y,, 
in the mth year is a linear function y,, = ¥9 + am, where yo, 
a are constants, and the total cost 7,;, of a challenger in the 
mth year is 77, = 7; — b’m, where T; and b’ are constants. 
If the total annual cost, T,,, of the present equipment 
(T,, = T, — bm) is set in such a way that initially it is below, 
but after some time above, the total annual cost of the challenger 
(Fig. B), then, assuming no scrap value at the end, the life of 


TOTAL ANNUAL COST T' OF CHALLENGER 
PRESENT FUNCTION T 


+am 


CURRENT COST Ym=Yo 


ANNUAL COST 


TIME 


Fig. B.—Alternative total annual cost functions. 


the present equipment is obtained when T, — bn = y, + an, 


or n=T,—y,/(a +), the average annual cost being 
T=17,4+T7,) =T, — 467, —y)(@ + 5). es for 
the challenger the average annual cost is 7), = 7) — 4b’ 
(Te acpi Poll Mt aha Oe . es 
Such a method is worth while when 7” > 7, i.e. if 

T, —¥o. Qa+ bat b) 

T,—y, (Qa+bd)(a+ bd) 
where T; > T, and b’>); this condition is quite feasible. To 


minimize the total costs over the equipment’s lifetime, several 
cost functions relating to different depreciation methods have 
to be constructed and compared. In this way the search for 
an optimal depreciation method becomes an integral part of 
equipment replacement analysis. Whether this is a practical 
method is a different question. A plant having many types of 
machines will involve lengthy studies and computations for 
each type, and different optimal depreciation methods may 
emerge for different machines, while a standard method to be 
applied to all machines may be preferable for the sake of 
simplicity. 

The author’s treatment of the variations in the value of money 
is worthy of attention, as this facet is often glossed over. To 
make a depreciation method realistic, it is sometimes essential 
to take into account changes in the acquisition costs of new 
equipment, and in this connection attention is drawn to Griffiths’s 
paper (Joc. cit.). 

Mr. T. E. Norris: For accountancy purposes, provision for 
depreciation is affected by many factors, e.g. the tax, laws, 
the method of loan repayment, the revenue or profit-earning 
capacity of the asset, the use to which depreciation appropria- 
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tions are put and the financial policy. The exercise of judg- 
ment on all these factors results in a wide range of possible 
depreciation methods, and to this extent depreciation is inherently 
arbitrary in both method and’accountancy life. These arbitrary 
features form a very useful instrument of financial policy, and 
no business man would willingly forgo them in order to be 
bound by a general method such as the author’s. 

For economic studies it is necessary to consider the financial 
yardstick by which alternatives are compared. The annual 
savings of one scheme relative to another, after allowing fo 
interest and depreciation, are often expressed as a percentage 
of any additional capital and variously referred to as the marginal 
or net return or profit. The minimum acceptable profit is a 
matter of judgment which will depend on the method of depre- 
ciation. Ideally, all methods when coupled with an appropriate 
profit will result in the same scheme being adopted. Other 
things being equal, therefore, the obvious method to choose is 
the simplest, i.e. the sinking fund. 

In Section 4, the author effectively says that all plant fully 
depreciated is uneconomic and this applies to 30% of the total 
plant in the example (see Fig. 8). I think this alarming con- 
clusion is incorrect for two reasons. First, the economic life 
should be determined by comparison with the most economic 
alternative and not by comparison with the next best group of 
stations in the order-of-merit list. Second, the system considered 
had only experienced one year of the author’s method, and it is 
not correct to say that plant is uneconomic because it is fully 
depreciated. 

Mr. C. J. O. Garrard: Mr. Drummond said ‘one has depre- 
ciation around one’s neck and one can do nothing about it’. 
In the sense that plant wears out or inasmuch as the Government 
or one’s banker insists that some particular method must be 
used, this is true, but in the context of the paper the opposite 
is the truth and ‘depreciation is, in fact, the only factor about 

which one can do exactly as one likes. 

It is important that more or less arbitrary economic factord 
should not be allowed to weigh too heavily against arguments 
based on engineering common sense. To take one example, 
for almost the whole of my lifetime the electrification of our 
railways has been held up mainly by decisions based upon 
current rates of interest and current ideas about depreciation. 
I doubt whether today it would be possible to prove that it 
would not have paid us handsomely to have begun electrifi- 
cation at any time in the last 50 years. 

The main point of the author’s argument is that the choice 
of a method of depreciation is largely arbitrary and that an 
undertaking should choose that method which enables it to 


produce a continuing service in the cheapest possible way. I 


was slightly shocked by the idea that as straight-line deprecia- 
tion is the simplest method it therefore must be the best. If 
accountants are innocent of mathematics, it does not follow 
that a non-mathematical approach is the right one. 

I hope that those who have sufficient time, energy and know- 


ledge of mathematics will continue to worry their accountant 


colleagues into a more open frame of mind. 


Dr. H. D. Einhorn: The author’s definition of depreciation 
is interesting because it makes use of a general economic concept, 


that of opportunity cost. 

Another general economic distinction merits explicit mention, 
that between commitments and avoidable costs. As engineers 
we have to make decisions, and for economic decisions ayvoid- 
able costs only must be considered, while commitments must 
be ignored. For this reason the author correctly allows for a 


capital charge on the cost of replacement plan’*but excludes. 
any capital charge payable on the old plant when considering 


its replacement. 


i in accordance with the best commercial standards. 


| senting the best commercial standards at the present time. 
| standards can and do change in all fields of human activity, and 


been made. 
what provision to make for depreciation. 
_ method is to be used, this involves using a shorter economic life 
‘than past experience has indicated. 


‘Some of the comments during the discussion indicated the 
absurd conclusions reached if this important principle is ignored, 
jand the accountant’s need of writing off debts incurred in the 
past (which are commitments) is confused with a cost element 
|for the purpose of engineering decisions. 


{ Mr. D. Rudd (in reply): Mr. Drummond has stated that the 
| C.E.G.B. use the straight-line method of depreciation and that 
\the Electricity Act requires the Board to keep their accounts 
The implica- 
‘tion is that the straight-line method is widely accepted as repre- 
But 


in presenting the paper I assume that my proposals will eventually 
be judged on their merits. If they involved no modification of 


| existing practice, they would be of no interest. 


On the question of financial prudence, there are two ways of 
providing for losses which may arise from imperfect forecasting. 
One way is to set up a reserve fund, and this has the advantage 
that it shows clearly in the accounts how much provision has 
The other way is to be conservative in deciding 
If the straight-line 


If the general theory is to 
be used, the equivalent adjustment is to use a higher rate of 


technological advance than has been previously experienced. 


But if the effect of the general theory is to ascribe a longer life 
to a particular project than would have been used with the 


straight-line method, it does not follow that it is less prudent 
to adopt the general theory. On the contrary, in the example 
of the coal-fired generating station which I cited in my oral 
presentation, the general theory required 33% greater provision 
for depreciation in the first year than the straight-line method 
‘and parity of provision was not reached until the 23rd year, as 
shown in Fig. C, by which time over 90% of the capital cost of 
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Fig. C.—Comparison of methods of depreciation provision for 
coal-fired generating station. 


(a) Straight-line method (25 years). 
(b) General theory (a = 0-05 p.a., b = 0-08 p.a., r = 0:04 p.a., y1/Ag = 0°20 p.a.) 


the station would have been written off by either method. 
Thereafter, if the original forecasts were still valid, the general 
theory would make less provision for depreciation than the 
straight-line method, but it is one of the incidental advantages 


of the general theory that it facilitates periodic reappraisals of 


the programme in the light of experience, and it would be 


reasonable to expect some evidence of the magnitude of any 


inaccuracies in the original forecast to appear within 23 years 
of the commissioning date. Whilst, therefore, I do not advocate 


the general theory on the grounds of financial prudence, it so 
vag 
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Whether these unredeemed capital costs should or should not 
be allowed for under the heading of depreciation costs when 
making a different decision, namely that of assessing the price 
(e.g. electricity tariff), is a thorny problem in the case of a 
public utility. 


THE AUTHOR’S REPLY TO THE ABOVE DISCUSSION 


happens that, in the only example of its application to a real 
project which has so far been presented, it would have resulted 
in a greater degree of prudence than the straight-line method 
now in use. 

I agree that in making provision for depreciation it is necessary 
to look ahead, and that all the five factors I have mentioned as 
affecting the depreciation of individual projects are likely to be 
imperfectly predicted. But the capital estimates which the 
C.E.G.B. have to submit to the Treasury relate to an integrated 
industry, and I have shown in Section 4 that the total capital 
charge and the charge on every station can be determined year 
by year without the necessity for long-term estimates of the 
future trends of those factors. If the relevant data were made 
available, I would undertake to show that the necessary fore- 
casts of depreciation provision can be obtained by the general 
theory with no less accuracy than by the straight-line method. 
Admittedly the arithmetic involved in using the general theory is 
more elaborate (although with modern computing machines this 
is not a serious bar to its use), but the arithmetical simplicity of 
the straight-line method is only obtained by relinquishing the 
aim of representing the true financial state of a firm or under- 
taking in its accounts. For some purposes this may not matter, 
but one of the chief purposes of keeping accounts at all is to 
provide the information on which decisions regarding future 
operations and investments can be based. In many firms I 
believe the accounts are well used for just such purposes, but 
in large undertakings such as the C.E.G.B., engineering decisions 
affecting the whole national economy are evidently taken without 
much assistance from the accounts on the important question 
of providing for depreciation. The harm in this situation is 
that, in making shift without all the information which scientific 
accounting is inherently capable of providing, engineers may 
adopt schemes which do not achieve the minimum possible 
annual cost. A good example of an economic assessment 
which was critically dependent on the method of providing for 
depreciation was the assessment in 1955 of the economic possi- 
bilities of nuclear generation stations in Great Britain.* 

A separate treatise would be required to deal with the Board’s 
transmission assets and the slight modification which is necessary 
to cater for hydro-electric and pumped-storage schemes (which 
still account for only a very small fraction of the total generating 
capacity in Great Britain). The advent of nuclear power is 
dealt with briefly in eqn. (6) and the preceding paragraph of the 
paper. Although nuclear power was foreshadowed by a world- 
shaking technological revolution, the important point in the 
present context is that it is having and is expected to have only 
a very gradual effect on the cost of electricity and hence on the 
economic lives of conventional stations. 

In reply to Mr. Bolton, although it is true that in a static 
undertaking the total annual provision for depreciation—being 
approximately equal to the total annual investment—would be 
practically unaffected by the method of provision, in an expand- 
ing undertaking the straight-line method requires more total 
provision than the annuity method, and the general theory more 
than either. 

Mr. Bolton’s main criticism is that the general theory is as 


* Pask, V. A., and DucKWwortTH, J. C.: ‘The Place of Nuclear Energy in United 
Kingdom Power Development’, Journal of the British Nuclear Energy Conference, 
1956, 1, p. 13. 
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arbitrary as any of the other methods of providing for deprecia- 
tion. But, whereas I have specified the arbitrary features of 
the conventional methods, i.e. the constant capital charge of 
the annuity method and the constant provision for depreciation 
of the straight-line method, it is evident that the general theory 
has neither of these features, and Mr. Bolton has not specified 
in which other respects the theory is arbitrary. It is therefore 
impossible to reply succinctly, but in general terms I deny the 
allegation of arbitrariness on the ground that the theory has 
been derived from a principle which is already generally accepted 
as the basis for the design and operation of engineering plants, 
namely that the total annual cost should not exceed the cost of 
the most economic alternative method of providing the same 
service. The new claim of the general theory is that this 
principle can be used, not only to design and operate plants, 
but also to provide for depreciation. In applying the theory, I 
have introduced approximations, e.g. that technological advance 
brings about an exponential reduction in the total annual cost, 
but an approximation is not arbitrary if its correspondence with 
the phenomenon it represents can be tested. I have therefore 
shown how, in the supply industry, cost coefficients can be 
calculated whose rate of reduction would be a valid measure 
of the rate of technological advance in the industry. If it is 
ultimately found that the reduction can be more accurately 
represented by some other approximation, the mathematical 
formulae will change but the theory will be unaffected. 

With regard to Mr. Bolton’s other criticisms, the simplest 
definition of ‘depreciate’ is ‘fall in value’. J have used the word 
in this sense and I think it is clear from Section 3 that I dis- 
tinguish between the effects of use or tenure and the effects of 
external events, but that I include both in the term ‘depreciation’. 
If technological advance (which is gradual in its economic effect 
in spite of the erratic publicity which is given to its more 
dramatic manifestations) can reduce the value of a plant to its 
scrap value, it is reasonable to suppose that the reduction occurs 
gradually and therefore that the rate of advance affects the 
distribution of depreciation over the economic life. 

Replying to Dr. Eilon, I understand the reducing (or declining) 
balance method is used almost exclusively for calculating income 
tax liability (the C.E.G.B. use it for this purpose), but the 
percentage rate of reduction is not, in fact, determined by the 
scrap value at the end of the economic life but by the class of 
plant, standard rates having been laid down for various classes 
of plant. The principal difficulty of using the scrap value to 
determine the percentage rate of reduction appears to be that the 
scrap value is frequently a very small (sometimes a negligibly 
small) fraction of the capital cost: hence the percentage rate 
would be unrealistically high. A more fundamental objection 
to the method itself is that it has no theoretical foundation. 

I cannot agree that, in expounding the general theory, I have 
‘still left the door wide open for arbitrary decisions’, but I 
freely admit that every engineering project involves an element 
of speculation and that the practical difficulty of applying the 
general theory is directly related to the degree of speculation in 
the project. Thus, at one end of the scale is, for example, the 
problem of designing and providing for the depreciation of a 
generating station in. an undeveloped region where there is 
almost no demand initially, but probably a large potential 
demand for electricity at a reasonable price, and where the 
political situation is unstable. In such a case the general theory 
would be ludicrously elaborate. At the other end of the scale 
is the supply industry in Great Britain, for which—as I have 
shown in Section 4— the calculation of the provision for deprecia- 
tion of every station could be virtually automatic. In the latter 
case, the adoption of the general theory would enable cost 
coefficients to be computed every year [see eqn. (7)] and d trend 


established from which the total annual cost of generatin; 
electricity at any load factor could be computed for any year iz 
prospect. This would then provide a background against whicl 
any new scheme for generating electricity could be compared 
The comparison would consist in subtracting the prospectiv 
current cost of the scheme from the background total annua 
cost in every successive year, so obtaining a diminishing series 0 
capital charges. The scheme would be economic if the capita 
cost could be served and paid off by these charges before they 
diminished to zero. Without describing the whole process it 
minute detail, I hope it is clear that such an assessment and ths 
resulting programme of provision for depreciation would be ir 
no way arbitrary. I agree that planning the provision fo: 
depreciation would be inseparable from deciding which schem« 
to adopt, although once the plant was in operation the provisior 
for depreciation would be determined by the overall programm« 
for the industry. ’ 

In a less integrated industry some degree of judgment i: 
required, principally in estimating the rate of technologica 
advance. At first sight a wide variety of total cost function: 
might be employed, but there is no point in introducing com- 
plication for its own sake, and between an exponential and 2 
straight-line function (which are of equal simplicity in applica- 
tion), the former is to be preferred because it avoids the 
absurdity of negative cost in the foreseeable future. It is by 
introducing this concept of a rate of technological advance. 
which is common to all the schemes under consideration, that 
the lengthy regression referred to by Dr. Eilon is avoided 
The process of comparison with a challenger is illustrated in 
Fig. 3. 

Referring to Fig. B, I do not think it would be regarded as 
‘sound’ in the business sense to allow the total cost to be greater 
than that of a challenger during some years. Bearing in mind 
that the situation would arise only in a non-integrated industry 
in which there would be competition, the product would probably 
have to be sold below cost during those years, and for this reason 
it would be preferred to arrange the provision for depreciation 
so that the product could compete against the challenger 
throughout the life of the plant without a subsidy. 

Turning to Dr. EHilon’s last comment that ‘it is sometimes 
essential to take into account changes (due to variations in the 
value of money) in the acquisition costs of new equipment’, ] 
would argue from the statement in the paper referred to (p. 478, 
line 38) that ‘the object of depreciation policy is to ensure that 
sufficient funds are recovered in selling prices and set aside year 
by year to make good the diminishing value of the plant, while 
at the same time there must be no question of overcharging’. 
This statement is unexceptionable, but I contend that the author 
has disregarded it in his subsequent treatment, when he advocates 
‘Depreciation Based on Replacement Values’ and sets out a 
numerical example in which £1450 is to be set aside for the 
depreciation of a machine costing £1000. Clearly, the value 
of the machine has not diminished by more than its first cost. 
The effect of the advocated policy must therefore be to prevent 
the total liability of the concern, which remains constant, from 
keeping in step with the value of its assets, which continually 
increase; in other words to finance part of its investment out of 
current revenue. Whether it is in a firm’s or the national 
interest to finance investment out of current revenue is a matter 
for debate, but it is not the same thing as providing for 
depreciation. 

Replying to Mr. Norris, I do not think a trained accountant 
would agree that for accountancy purposes the method of 
depreciation should be affected by any of the six factors he 
mentions, except perhaps the last. I certainlysdo not. His 
sweeping assertion, that no business man would willingly forgo 


| 
the arbitrary features in the conventional methods because they 
form a useful instrument of financial policy, is presumably not 
meant to be taken literally. If he means that business men 
value the wide range of present depreciation methods because 
they give them room to manoeuvre, I would venture the con- 
trary opinion that those in charge of successful large businesses 
are often inclined to believe their success stems from the use 
of modern scientific methods and are rather relieved when 
decisions, which used to be the prerogative of the head of the 
firm, can now be safely taken outside the board room. 

I agree that, when two schemes are being compared and 
one has a higher capital cost than the other, it is a common 
practice to require the one scheme to show a minimum annual 
saving after charging interest in order to justify its higher 
capital cost. There is no difficulty in employing this technique 
in conjunction with the general theory (although it would be 
simpler and more rational to use a higher interest rate representing 
the total return required on the capital, after providing for 
depreciation), but it is not true, ideally or otherwise, that all 
methods of providing for depreciation will result in the same 
scheme being adopted. In some cases comparisons based on 
the general theory will justify greater expenditure of capital than 
equivalent comparisons based on the sinking-fund method: in 
other cases the reverse will be true. 

I have made it clear that the data used in Section 4 are not 
‘Authentic, but I should expect authentic data to show that a 
substantial proportion of the power stations in Great Britain 
was obsolete in 1949. When one remembers that the supply 
industry was struggling to eliminate electricity cuts and was 
keeping in service any plant which could produce electricity, 
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almost regardless of cost, this conclusion is not surprising. 
Mr. Norris’s first reason for doubting its correctness is mistaken 
because eqn. (5) ensures that the most economic alternative to 
any non-obsolete station is, in fact, the next station in the list. 
His second reason has more weight, and I have mentioned in 
Section 4 that some adjustments might be necessary in the light 
of data from several successive years. However, I did not say 
or imply that ‘plant is uneconomic because it is fully depreciated’. 
What I did imply was that the general theory shows which stations 
are obsolete and refrains from making any capital charge on 
such stations. It would be economic to replace them, but 
whether it is practicable to do so depends, of course, on the 
availability of capital and the physical resources of industry. 

Replying to Mr. Garrard, I am in sympathy with much of what 
he says, although my intention is to remove the element of free 
choice from the field of depreciation provision by showing that, 
in any given situation, only one choice can be made without 
distorting the economic picture presented by the accounts. I 
do not believe the conclusions which stem from the general 
theory will, when carefully examined, be found to offend against 
engineering common sense. 

Replying to Dr. Einhorn, the formulation of electricity tariffs 
appears to be beset with difficulties, but I think the difficulty he 
mentions is successfully disposed of by arranging that the unre- 
deemed capital costs of obsolete stations, which constitute dead 
liabilities, are always balanced by a fund into which is paid the 
capital charges on stations which, though not yet obsolete, are 
completely written off. Hence in formulating the tariffs there 
is no cost to be recovered under the heading of unredeemed 
capital cost. 


DISCUSSION ON 
‘PROPERTIES AND THEORIES OF THE ELECTRIC ARC™* 


Dr. A. E. Guile, Dr. T. J. Lewis and Dr. P. E. Secker (com- 
municated): The limitation of space imposed on Dr. Edels in 
reviewing the vast and diverse literature on the electric arc has 
resulted in over-simplification of his remarks on the behaviour 
of the arc in a magnetic field (Section 2). This might mislead 
engineers, who, although dealing with arcs, have little time for 
detailed study of the physics of the processes. 

In the case of a metallic conductor in a magnetic field, the 
latter acts upon the conduction electrons, but because of the 
interactions between the electrons and the lattice the electron 
momentum is transferred to the solid conductor as a whole. 
In the arc column the magnetic field acts on the electrons, and 
to a certain extent on the positive ions. Part of the momentum 
acquired in the direction mutually perpendicular to the arc- 
current axis and the lines of magnetic flux is lost in collisions 
with neutral gas molecules, and since these, unlike the lattice of 
the solid, are in random motion, this directed motion is mainly 
lost. Thus there is little mass movement of the neutral gas in 
the neighbourhood of the column,“ and it is unreasonable to 
assume that the normal laws relating to metallic conductors will 
apply either for the driving or for the retarding forces. There 
is some evidence for the fact that the speed of arc-column 


* Epes, H.: Paper No. 3498, February, 1961 (see 108 A, p. 55). 


movement is independent of current (at least in the range 
30-700 A); this behaviour would not be expected for a solid 
conductor. 


Because of the complex relation between movement of the 
ions and electrons and the mass of neutral gas, the effect of a 
transverse gas flow on the column cannot easily be calculated. 
The high drift velocity of the electrons and ions along the 
column will reduce considerably the deflection of the plasma in 
the direction of gas flow. 


We would stress the great importance of the cathode fall in 
determining arc motion in a transverse magnetic field. In many 
cases it is conditions within this region rather than in the column 
that determine the motion both in the Amperian and retrograde 
modes. As recent experiments have shown, arc movement in 
an opposing wind can be the same as in still air, because of the 
controlling influence of the cathode spot,© and cathode material 
and surface conditions can alter the arc velocity by several 
orders.8» D. E j 


It has been shown recentlyF: S that Amperian arc movement 
can be explained in terms of the electron and ion paths in the 
cathode fall region, and this now provides a unified theory with 
that of retrograde motion.# 
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DISCUSSION ON ‘SPEED-CHANGING INDUCTION MOTORS’* 
WESTERN CENTRE, AT BRISTOL, 10TH APRIL, 1961 


Mr. P. Collins: The paper mentions that the possible pole 
combinations to which’ this method of speed changing can be 
applied are limited to those in which neither pole number is a 
multiple of 3. This 3 presumably stems from the fact that a 
3-phase machine is being considered. The essence of this pole- 
changing technique is contained in the expression} for a resultant 


flux density 
C Je P 
¢| cos GG Kk) cos G x) 


which is essentially that for a single-phase field. Could the 
authors state whether the method would be applicable to single- 
phase motors, and if so, would there be similar limitations on 
the possible pole combinations? 

Mr. A. J. Parsons: It would appear that, although a variety of 
stator slot numbers has been tried, there is a distinct preference 
for 72 slots, where diameters permit this number to be used. 
Is the choice of the number of slots equally as wide, over a 
range of outputs, as with orthodox windings, and what is the 
lowest number that could be used successfully, as for example 
on fractional-horsepower motors ? 

The authors also state that the motor efficiencies when 
working with the modulated connection were not quite as good 
as the conventional single-speed motors of the same output. 
Has a detailed analysis of the losses been made? Greater core 
losses could be expected as a result of harmonics in the flux 
distribution. 

Mr. C. W. H. Minchin: Induction motors have been made 
now for some 70 years and pole changing with a tapped winding 
has been employed since the beginning of the century, but this 
has almost invariably been for a 2:1 speed range. These 
windings employ 120° phase belts on the low-speed connection 
which may give even harmonics and high magnetizing currents, 
and it is often difficult to obtain the best flux density for both 
speeds and almost impossible to have the same flux density for 
both. Most often, it is found that on low speed the machine is 
greatly over-fluxed with consequent high magnetizing current 
and low power factor. 

_ The authors must be congratulated for extending change pole 
connections with only six leads to other speed ratios, and for 
obtaining practically the same flux density for both speeds. 


co G. H., and Fone, W.: Paper No. 3306, December, 1960 (ste 107 A, 


Bo = 


: tT See Reference 1 of the paper. 


We must not, however, consider flux density alone to be the 
criterion of performance, for, as shown by the circle diagram, 
it is the leakage reactance which chiefly counts. If the leakage 
reactance can be reduced with the same flux and resistance we 
have an all-round improvement. Some windings, such as single 
layer with 14 slots per pole per phase, have a very high zigzag 
leakage. This is not evident by the overlapping permeance 
method of calculation as shown by Adams, but is by the method 
suggested by Alger.t 

I wonder whether the authors’ windings have been checked 
for differential leakage factors and whether these are high, as is 
the case with some other irregular windings. This would be 
more likely to show up on the modulated winding and could 
decrease the torque more than the flux density would indicate. 

I can foresee some design trouble on larger machines, where 
it is generally necessary to use windings with poles connected 
in parallel. I think that this would not always be possible, and} 
together with the use of partly filled slots, might limit the output 
of some frames. 

Prof. G. H. Rawcliffe and Dr. W. Fong (in reply): When the 
paper was written, pole numbers which were multiples of 3 were 
excluded. We are now able to obtain a 2-speed winding foi 
any pole combination. There is every prospect, arising from) 
recent developments, of applying this whole system to single: 
phase operation. 

A very wide choice of possible slottings is available, and the 
lowest slot number regularly used is 36. It is accepted that there’ 
will be some extra core losses due to harmonic fluxes, but test: 
have shown that these are trivialin amount. Further, a 2-speec 
motor with a single winding will be much smaller, for a giver 
output, than a double-wound machine. The main core losse: 
will therefore be substantially less, which will more than com 
pensate for any harmonic losses. i 

The leakage reactance of these machines, as tested, differ: 
only in the second order from that of corresponding double-laye: 
single-speed machines. We have never used single-layer wind 
ings. It is just possible that difficulties may arise in largy 
machines from the necessity to use parallel paths, but difficultie, 
exist to be overcome. We have already done so in many 
respects in the production of the 2-speed single-winding inductior ; 
motor. 


+ Apams, C. A.: ‘The Design of Induction Motors’, Transactiens of the America 
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SUMMARY 
Previous papers on pole-amplitude modulation have described 
ethods of increasing the pole number and reducing the speed, by 
modulation. The reciprocal possibility has already been pointed out; 


‘to use modulation to reduce the pole number and increase the speed. 
| The particular form of modulation used in the examples described 
‘here gives exceptionally good performance. By way of example, test 
‘results are recorded for a small laboratory machine, and for a very 
large machine made by an industrial company, both for 10/8 poles, 
‘and both being very successful. The general conclusions are drawn 
\that, for very many purposes, a 10/8-pole motor is to be preferred to 
jan 8/10-pole one; and that modulation to reduce the pole number of 
an electrical machine has important industrial possibilities. 


(1) INTRODUCTION. REDUCTION OF POLE NUMBERS } 


| The first paper! published relating to this new type of squirrel- 
|cage induction motor was implicitly based on the assumption of 
‘a load torque rising considerably with rise of speed: commonly 
proportional to the square of the speed. Different considera- 
tions apply for a constant-torque—or constant-horsepower— 
drive, and these have led to the use of an alternative type of 
pole-amplitude modulation,” which gives something approaching 
-aconstant-torque output. 

In Section 4 of Reference 1 it was explained that there was a 
reciprocal principle in the theory of pole-amplitude modulation, 
which always gave a choice between starting with (6 +- 2) poles 
and changing to (6n + 4) poles, or starting with (6” + 4) poles 
and changing to (6m + 2) poles. Since the performance after 
modulation is normally a little inferior to that before modulation, 
and since the load on a motor normally falls off with reduction 
in speed, it was therefore stated that modulation to increase the 
pole number was likely to prove more important than modula- 
tion to reduce it. 

However, somewhat contrary to expectations, it has proved 
possible in many cases to apply the principle of pole-amplitude 
modulation more efficiently, and to obtain a higher average 
winding factor, a lower harmonic content and a better air-gap 
flux-density ratio when the winding is originally wound for the 
higher number of poles. If the optimum performance at the 
higher speed is desired, regardless of any deterioration in per- 
formance at the lower speed, it is often still true, in general, 
‘that the motor should be initially wound for the lower pole 
umber and that the speed should be reduced by modulation. 
Tf, however, a small reduction in rating at the higher speed can 
be tolerated, a striking improvement in rating at the lower speed 
may be achieved by winding initially for the higher pole number 
and increasing the speed by modulation. This inversion of the 
‘previous procedures is especially applicable to irregular frac- 
tional-slot windings of the type discussed in an earlier paper? in 
which modulation is obtained by coil reversal, without omission 


__ Written contributions on papers published without being read at meetings are 
invited for consideration with a view to publication. ; 
Prof. Rawcliffe is Professor of Electrical Engineering, University of Bristol. 

vt Dr. Fong is in the Department of Electrical Engineering, University of Bristol. 


The Institution of Electrical Engineers. 
Paper No. 3487 U 
Oct. 1961 


© 


1). SPEED-CHANGING INDUCTION MOTORS 
Reduction of Pole Number by Sinusoidal Pole-Amplitude Modulation 
| By Professor G. H. RAWCLIFFE, M.A., D.Sc., Member, and W. FONG, Ph.D., Associate Member. 


| (The paper was first received 13th July, and in revised form 22nd October, 1960.) 


of any part of the winding. The reasons for these slightly 
surprising conclusions are as follows. 


(1.1) Orders of Resultant Harmonics for Odd and Even 
Pole Pairs 


If modulation is used to change an even number of pole pairs 
into an odd number, the possible numbers of pole pairs in the 
unmodulated winding are given by m = 2, 4, 8, 10, 14, etc.; 
and in the modulated winding by m =1, 5, 7, 11, 13, etc. 
(This was so, for example, in the change from 4 to 5 pole pairs 
considered in previous papers.!>*) If, however, modulation is 
used to change an odd number of pole pairs to an even number, 
these two series are interchanged. Now potentially the most 
objectionable harmonics, which cannot be removed by chording, 
are those of lowest order, and an unwanted 4-pole field (m = 2) 
will tend to be smaller, and will usually be less objectionable in 
its effects than an unwanted 2-pole field (m= 1). In general, 
therefore, there is a prima facie argument for modulating from 
an odd number of pole pairs to an even number, rather than 
the reverse, so that the harmonics after modulation are of the 
higher, even orders given in the first series above. This favours 
modulation from 5 pole pairs to 4 pole pairs, rather than from 4 
to 5, as previously treated fully.!> 

It follows that, where modulation from an odd number of 
pole pairs to an even number (e.g. 7 to 8) also increases the 
number of pole pairs, the arguments in favour of reducing 
speed by modulation act in the same direction as those for 
modulating from an odd number of pole pairs to an even 
number; but where such modulation decreases the number of 
pole pairs (e.g. 5 to 4) one consideration acts in opposition to 
the other, and the arguments are nearly balanced. For this 
reason, therefore, there was a prima facie case for investigating 
in detail the effect of 10/8 pole-amplitude modulation, 


(1.2) Harmonic Modulation Products 


In addition to the fundamental modulation product there are 
two kinds of harmonic modulation products, as discussed in 
an earlier paper.2 These result from harmonic modulations of 
the fundamental m.m.f., and from fundamental modulation of 
the harmonics m.m.f.s, the former being the more important 
cause of harmonic resultants. It is to be noted that a third har- 
monic can and does exist in the m.m.f.s of the separate phase- 
windings, and this harmonic—the first of the series—is normally 
the only one which is of any significance. The orders of har- 
monic involved can readily be seen from Table 1. 

It will be seen at once that the orders of the resultant harmonics 
which arise from an initial pole number of (6m + 4) are con- 
siderably higher, in general, than the orders of those which arise 
from an initial pole number of (6m + 2), and the former are 
thus likely to be of lower magnitude, on the average. This, of 


course, does not mean that some particular harmonic, which 
happens to have a higher harmonic winding factor, cannot be of 
larger magnitude than the other harmonics of high order. 
[3570] 
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Table 1 


RESULTANT HARMONIC POLE NUMBERS FOR POLE-AMPLITUDE 
MODULATION OF WINDINGS OF (677 + 2) OR (6m + 4) POLES 


Initial fundamental Harmonic modulating Resultant harmonic 


pole number pole numbers pole numbers 

6m + 4 6 6m + 10 
6m — 2 
10 ak +14 

6m — 6 (vanishes) 

14 6m + 18 (vanishes) 

6m — 10 

6m + 2 6 6m + 8 
6m — 4 

10 6m + 12 (vanishes) 
6m — 8 
14 6m + 16 


6m — 12 (vanishes) 


Resultant harmonic 


Fundamental modulating 
pole numbers 


pole number 


Initial harmonic 
pole numbers 


18m + 12 3 18m + 14 
18m +- 10 
18m + 6 2 18m-+ 8 
18m-+ 4 


argument of this Subsection relates to the trend of the harmonic 
magnitudes, and not to the exact value of every harmonic. 


(1.3) Quasi-Sinusoidal Distribution of Coil Groups 


It has been shown in an earlier paper? that a considerable 
improvement in performance in the modulated connection can 
be obtained by quasi-sinusoidal initial distribution of the coil 
groups in each phase-winding, these irregularities in the unmodu- 
lated winding normally being quite acceptable. Quasi-sinusoidal 
coil-group distribution can in principle be achieved with equal 
ease for any initial pole number; and this type of winding can 
therefore be employed for modulation from a larger to a smaller 
pole number (10/8 poles are here considered) in the same way 
as it was previously used for modulation from a smaller to a 
larger pole number (8/10 poles). In the detailed analysis 
10/8 poles proved to be a specially favourable pole combination 
for quasi-sinusoidal coil-group distribution; and, as Table 2 and 
Section 3 both show, windings of this type were found both by 
theory and in practice to be exceptionally successful. 


(1.4) Undesired Modulation in Normal Connection 


When windings in which the coil groups are originally dis- 
tributed sinusoidally are used, there is one further argument, 
related to the unmodulated condition, in favour of starting with 
(6m + 4) poles, rather than with (6m + 2) poles (m = 1, 2, 3, 
etc.). Sinusoidal coil-group distribution, without reversal of 
one-half of each phase-winding, is equivalent to a 4-pole 
modulation of the original winding, the resultant pairs of pole 
numbers, respectively, being (6m + 8) and 6m for a winding 
basically of (6m + 4) poles, and (6m + 6) and (6m — 2) for a 
winding basically of (6m + 2) poles. The pole numbers 6m and 
(6m + 6) are, respectively, eliminated in the two cases, when the 
three phase-windings are combined; and the unwanted product 
of modulation is an m.m.f. of (6m + 8) poles in the former 
case and (6m — 2) poles in the Jatter case. The former is of 
much higher order, and thus likely to be both less objectionable 
and more readily eliminated by chording. Again, this argument 
favours a winding for the higher number of poles initially, in 
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this case 10 poles rather than 8 poles, for obtaining modulatio 
between two pole numbers, m having here the particular valu 
of unity in the general expressions just quoted. 


(1.5) Effect of Chording Factors 


Another reason why it may sometimes be better to use modula. 
tion to reduce the pole number, rather than to increase it, arises 
from a consideration of the chording factors. The coil pitch o! 
windings designed for pole-amplitude modulation is apt to be 
critical, being largely determined by the need to suppres: 
undesired m.m.f. harmonics, as explained in earlier papers; 
and the air-gap flux-density ratio is also greatly influenced by the 
degree of chording. The coil pitch having been settled on these 
grounds, the consequent chording factors have to be accepted 
For 8/10-pole modulation it has been shown that a coil pitck 
of two-thirds full pitch for 8 poles, which i is equivalent to five: 
sixths full pitch for 10 poles, is practically essential. This gives 
chording factors of 0-866 and 0-966, respectively, or an average 
of 0-916. For 10/8-pole modulation a coil pitch of 1-25 x full 
pitch for 10 poles, which is equivalent to 1:0 x full pitch for 
8 poles, is completely satisfactory. This gives chording factors 
of 0-924 and 1-000, respectively, or an average of 0-962. All 
other things being equal, a high average chording factor is 4 
good thing, and its effect must certainly be considered in relation 
to the two alternative ways of using modulation. 


(1.6) Effect of Phase Spread 


When the pole number of a winding is reduced, the electrical 
angle of spread is also reduced, and the spread factor is therefore 
numerically increased. Whilst spread factor is only discernible 
as a separate quantity for windings which initially are integral- 
slot windings, and in which no coil group is divided on modula- 
tion, the effect of phase spread is always implicitly present in 
the layer factor of any winding. Consequently, in relation to 
phase spread, modulation ‘down’ to a lower pole number tends 
to increase the layer and winding factors, whereas modulatigg 
‘up’ tends to reduce them. 


(1.7) Effect of Winding Factor 


For most 2-speed windings, the value of the winding factoi 
after modulation tends to be somewhat lower than the winding 
factor before modulation. As a broad average, the reduction oj 
winding factor is about 8% to 10% as will be seen in Table 2, 
The same general trend will be observed in Table 6 of an earliei 
paper,” which related to increase of pole number by pole: 
amplitude modulation. 

Now, parallel-star connection of a winding gives a greatel| 
total flux per pole than is given by series-delta connection; anc. 
it is therefore customary to use parallel-star connection for the’ 
lower pole number. The increase, thus obtained, in total polai 
flux for the lower pole-number is in the ratio 2/4/3 = 1-15) 
For pole ratios, such as 10/8, which are greater than 1-15, thi: 
phase reconnection is therefore not sufficient, in itself, to give | 
the same air-gap flux density at both speeds; and it is desirabl 
to obtain a lower value of winding factor for the lower pol 
number than for the higher pole number. This consideratior 
therefore favours modulation to reduce pole number, for pol 
ratios greater than 1-15. 


(1.8) Flux-Density Ratio 


In general, the air-gap flux-densities for the two methods o 
connection of a 2-speed winding, with a given voltage, are no 
equal. The maximum rated voltage is settled by reference to thi 
connection giving the higher flux density, and thé’flux density iy 
the other connection will be less than the permissible value. : 

§ 
nt 
a 
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Table 2 


WINDINGS FOR \POLE-AMPLITUDE MODULATION: TEN ALTERNATIVE TyPES FOR 10/8 PoLgs. 
WINDING FACTORS AND FLUX DENSITIES 


RELATIVE M.M.F. AMPLITUDES, 


* Preferred designs. 
|G) All coil pitches in terms of 10 poles, for which the winding is originally wound. 


' of 10 poles, i.e. 50 poles (m = 25 


in circuit are correspondingly higher. 
i 


For a single-speed winding it is accepted that the winding 
ictor is a measure of its effectiveness; but for a 2-speed winding 
te effectiveness of a winding is truly given by the winding factor 
nly for that connection which gives full flux density when the 
wted voltage is applied. The present authors suggest that the 
\flectiveness’ in the other connection could reasonably be 
teasured by 


1] ae Actual flux-density |? 
} ee | Full flux-density | 


fhe squared term arises from the fact that induction-motor 
prques are proportional to the square of the flux density. 

| It is therefore clear that there is a strong advantage in using a 
onnection which gives a ratio of nearly unity between the flux 
ensities at the two speeds. Now it has been shown? that, for 
e preferred 8/10-pole winding, the winding factors are 0-820 
ind 0-760, respectively, and the flux-density ratio, Bg/Byo, is 
)-855. This gives an ‘effectiveness’ in the two connections 


| Types of winding (@) ) © (d)* (e)* nr (g) ) @* G) 
60 slots | 60 stots” | 90.slots i ‘ i iv) | 120slots*” | 132 slots“) 
al pitch: Hediste I pitch: | 54 slots?” | 126 slots”) | 72 stots” | 162 slots®” | 90 slots®™ ee ck: 
Pcie ee cenitehs, | col Riteh:, |12slots:1-33| coil pitch: | coil pitch: | coil pitch: | coil pitch: | coil pitch: | ,SOH,pitch; | coll pitch: 
in | Ormadled | "datkptey’| Gatien) | Celenth) | Tso: 1 30 te stl: 1 27/9 slo: 1°25 |2bstos 134] slot: 1 22) "eat naan) | Cent 
winding Bee | yous | 100-3-3 Modulated | Modulated | Modulated | Modulated | Modulated | Modulated | Modulated 
Bow ae ato e: 3-001 | 1-2-3-2-1 | 2-5-7-S-2 | 1-3-43-1 | 27-9-7-2 | 14541 | 73% pilet gis 
| _2_9(vi) — 3-91 (iii) aie ae ii) 1 2-5-2-1 2-5-T-5-2 1-3-4-3-1 2-1-9 1m 14-5-4-1 —5_2 (vii) 52 (vii) 
12 4-pole 35-9 23-8 10-7 2-9 79 11°3 14-1 16-0 1-0 11:5 
14 8-pole 100-0 100-0 100-0 100-0 100-0 100-0 100-0 100-0 100-0 100-0 
18 16-pole 2-3 0-5 0:3 0:5 0-3 0-0 0-3 0-5 0:0 0-1 
10 20-pole 0:0 0-0 4-0 2:0 0:5 0-3 0:8 if 120 1-9 
4 28-pole 8-9 10-7 10-0 10-4 10-4 f3 10-9 tetieal ies) 16-9 
6 32-pole 7-0 4-2 4-1 1-6 0-6 0:0 0-4 0-7 0-0 0-6 
i Pole numbers 
. of unmodulated 
| winding | 
| ; 
e 2-pole — > — 9:3 Des | Beil 6°9 10-1 7:8 87 
5 10-pole 100-0 100-0 100-0 100-0 100-0 100-0 100:0 100-0 100-0 100-0 
7 14-pole — ah ae 3-9 4-9 5-7 6-2 6-7 4-5 6-9 
1 22-pole = ue as 3-7 1-8 0-6 0-3 0-9 0:3 7-9 
5 26-pole — — — Se 6-2 7:6 8-3 9-2 6-7 13-6 
17 34-pole - au ve 3-4 2-4 2:0 1-4 1-1 1-5 0:7 
Vinding factor 0-599 | 0-609 | 0-580% | 0-758 0-766 0-781 0-788 0-796 0-757 0-812 
i. “pole 
Vinding “ene : 0-827 0-827 0-833 0-844 0-845 0-855 0-855 0-858 0-862 0-875 
in -poie 
wverage pre 0-713 0-718 0-741 0-801 0-806 0-818 0-822 0-827 0-810 0-844 
i actor 
11 (air gap) 1:04 1-06 1-00 0-972 0-983 0-991 1-00 1-01 0-951 1-00 
yonnections Parallel- | Parallel- | Parallel- Delta/ Delta/ Delta/ Delta/ Delta/ Delta/ Delta/ 
| (10-pole/8-pole) | star/delta | star/delta | star/delta | parallel- | parallel- | parallel- | parallel- | parallel- | parallel- | parallel- 
| A star star star star star star star 


(Gi) For windings types (a), (6) and (c), the unmodulated winding is a standard 10-pole winding, and thus contains no harmonics lower than the fifth harmonic 
) 


iti) The inner coils in the outer coil groups must be omitted; not the outer coils as in 8/10-pole modulation. 

iv) For windings types (d)-(j) the whole winding is used at both speeds and all coils are identical. The unmodulated winding is a 10-pole fractional-slot winding of 
irregular coil-group distribution, and its m.m.f. waveform contains the usual odd harmonics, especially a sub-harmonic 2-pole field. 

(vy) The 8-pole winding factors are calculated with reference to the total number of conductors. 


For windings (a)-(c), the winding factors of the conductors actually 


wi) ‘Winding type (a) could be wound in 90 slots with three coils per group and modulated 3-3-3-3-0 (etc.). 
\vii) Winding type (i) is intermediate between windings types (d) and (e); winding type (/) is intermediate between windings types (e) and (f). 


which is 0:600 and 0-760 for 8 and 10 poles, respectively. On 
the other hand, for the 10/8-pole winding which was used in the 
large test machine (discussed in Sections 2.4 and 3.2) the winding 
factors were 0-855 and 0-781, respectively, and the flux-density 
ratio, B,y/Bs, was 0-991. The ‘effectiveness’ in the two connec- 
tions is therefore 0-838 and 0-781 for 10 and 8 poles, respectively ; 
and it will be observed that the ‘effectiveness’ for both pole 
numbers is substantially higher for the 10/8-pole winding than 
for the 8/10-pole winding. The superiority of the 10/8-pole 
winding in this respect is substantial. 

In order to decide whether to use modulation to increase the 
pole number or to reduce it, it is therefore desirable always to 
examine the ‘effectiveness’ of the winding at both speeds, in 
this way, for the two alternative types of winding. 


(1.9) Ampere-Conductor Modulation 


The authors proposed the term ‘pole-amplitude modulation’, 
to describe the novel processes involved in this method of speed 
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changing, in the earlier stages of an investigation which has taken 
several years. They now incline to the opinion that scientifically 
a more correct term would have been ‘ampere-conductor modula- 
tion’, though it might have been less acceptable to the general 
reader. However that may be, it is certain that the m.m.f., and 
hence the pole amplitude, is, in fact, the integral of the ampere- 
conductor distribution. It thus follows that, when a field of 
p poles is modulated to give a mixture of (p + 2) poles and 
(p — 2) poles, the amplitudes of the two components tend to be 
in inverse proportion to their orders. If one discards the higher 
resultant pole number and retains the lower, one will therefore 
have a larger resultant pole amplitude than that which is obtained 
by discarding the lower pole number and retaining the higher. 

This point is now regarded by the authors as one of con- 
siderable cogency, although it was not fully apparent in the 
earlier stages of these investigations. It is one more reason why 
modulation to reduce pole number is likely to be more favoured 
than modulation to increase it. 


(1.10) Cooling for the Two Speeds 


Modulation to reduce the pole number rather than to increase 
it may also be preferred, particularly when the number of poles 
is small, because the cooling of a machine is substantially better 
at the higher of two ‘speeds, especially when the speeds differ 
considerably. For a given type of modulation, the simplest 
being single modulation, the speed difference is greatest when the 
actual pole numbers are small. Improved cooling at the higher 
speed may go far to compensate for a reduction in winding 
factor, by making possible a higher current density. or single 
modulation with a considerable number of poles, for example 
16/14-pole modulation, the cooling does not differ greatly at the 
two speeds and this argument ceases to have much force. 


(1.11) Accelerating Characteristics 


It has proved possible, in general, to reduce the harmonic 
content of the m.m.f. waveform after modulation to an acceptably 
low value, and at the same time to obtain a good value of starting 
torque. In so far as there is any minor residual inferiority in 
accelerating properties in the modulated connection, however, 
it is better for this inferiority to occur at the higher speed and 
the lower pole number. It then becomes possible to start the 
motor unmodulated for the lower speed and higher pole number, 
and to switch to the higher speed and lower pole number whilst 
running. In this way, it is possible to sidestep any slight 
inferiority in starting and accelerating properties, over a large 
part of the speed range through which acceleration must take 
place. 

As an engineering proposal, arequirement to start in the 
lower speed connection, and to switch to the higher speed whilst 
running, is much more acceptable than a requirement to start in 
the higher speed connection, and subsequently to reduce speed. 


(2) OPTIMUM DESIGNS FOR 10/8 POLES 
The general arguments in Section 1 can be made clearer by 
considering a particular pole combination which has been both 
analysed theoretically and tested experimentally. 


(2.1) Designs using Fractional-Slot Windings 


It has been found in this case that very good results are 
. obtained by using fractional-slot windings, and these will there- 
fore be first considered. 

The principle of sinusoidal distribution of coil groups was 
originally developed? for an even number (4) of pole pairs; and 
in extending this principle from an even number (4) to an odd 
number (5), certain points became obvious from an inspection 
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COILS PER, 
GROUP 


COIL-GROUP 
NUMBER 


1 2 3 
SEMI—PERIMETER 


Fig. 1.—Quasi-sinusoidal coil-group distribution in one-half of a 
winding with an odd number (5) of pole pairs. ‘ 


Coil-group sequence for complete phase-winding: 
1J-x-(x + 1)—x-1—1-x-(x + 1)-x-1 
The signs of the coil groups are ignored. i Dy 


of Fig. 1. The coil-group sequence for each half phase-windin; 
is taken as 1-x-(x + 1)-x-1. Obviously the least numbe! 
of coils is required in groups Nos. 1 and 5; and, in the firs 
instance, this number is taken to be unity. The corresponding 
number of coils in groups Nos. 2 and 4 is taken to be x, andi 
is then reasonable to take the number of coils in group No. ‘ 
as (x + 1). By inspection alone, it is clear that x and (x +1 
will have values of about 3:0 and 4:0, respectively. Fo 
convenience, x will be described as the coil-group factor. 

If the theoretically desirable value of x proved to be sub 
stantially different from an integer, it would be necessary t 


Jo mth HARMONIC MMF. 


COIL- GROUP RATIO (Cx) ; 
Fig. 2.—Harmonic m.m.f.s of one layer of irregular fractional-slo 
winding for 10/8 pole-amplitude modulation. 
Coil grouping: 1-x-(x + 1)-x-1—1-—x+(x +%)-x-1 
Gi before modulation, in terms of 10-pole m.m.f. (m = 5). 


oO M.M. 
x M.M.F.s after modulation, in terms of 8-pole m.m.f. (m = 4). 


jultiply the number of coils in all the coil groups by a suitable 
}teger, in order\to make integral the number of coils in every 
Woup. For example, the sequence 1—24—34-21-1 would be 
‘juried into effect as 2-57-52; and it will be shown that, by 
| small margin, this latter is, in fact, the ideal coil-group 
‘quence. Further analysis has actually been carried out for 
miher types of sequence; e.g. 1—x-(x + 2)-x-1. This has, 
jowever, merely served to confirm rigorously the intuitive 
noice of 1-x-(x + 1)-x-1 as the prototype coil-group sequence. 
| The m.m.f. harmonic contents of one layer of a winding of 
jus type, for a series of values of x, are plotted against x in 
jig. 2. The effect of chording was thus deliberately excluded. 
‘he reason for doing this is that the degree of chording used 
aries slightly with the type of winding, and the chording factors 
br the higher harmonics thus vary substantially from winding to 


‘The curves for which m=1, 7, 11, 13 and 17 show the 
lues of harmonic before modulation, and those for which 
u=2, 8, 10, 14 and 16 give the values of harmonic after 
i nodulation; the basic m.m.f. being given by m =5 or m= 4 
“the two cases, respectively. It will clearly be seen from 


e coil-group sequence is 1-2-3-2-1 and can be embodied 
n 54 slots; for x = 3 the sequence is 1—-3-4-3-1 and requires 
!2 slots; and for x = 24 the sequence is 2—-5—7—-5—2 and needs 
26 slots. As already stated, this is the ideal for minimum 
jarmonic content, but the umber of slots is too large to use 
or a small machine. 

| The essential data for these and various other possible forms 
o£ quasi-sinusoidally grouped windings, for pole-amplitude 


n Table 2 ‘columns (d)-(h), all these windings being capable 


if derivation ultimately from a distribution waye of the general 
‘orm shown in Fig. 1. In Fig. 3 are shown the layer factor 
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COIL- GROUP RATIO (x) 


ig. 3.—Variations of layer and winding factors, and of flux-density 
Tatio, in irregular 10/8-pole fractional-slot windings, for pole- 
amplitude modulation. 

lux-density ratio. 

ole factor: 10 poles. 

) Winding ator 10 poles. 

: mee yer and winding factors: 8 poles. 

8 poles, all the windings are virtually full pitch and the eas factor is almost 

ant and equal to unity. Hence the layer and winding factors are equal. 

ouping: 1—-x—-(x + 1)-x-1—1-x-(x + 1)-x-1 
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and the winding factor, for both 8-pole and 10-pole connections, 
with respect to the fundamental component of flux, plotted as a 
function of the coil-group factor x, referred to above. For 
8-pole connection the coil pitch is so nearly constant and equal 
to unity that the layer and winding factors are virtually equal. 
From these factors can be calculated the air-gap flux-density 
ratios, B,o/Bs, using delta/parallel-star connection throughout; 
and it will be seen that this is agreeably near to unity for all 
values of x. 

A winding for the coil-group sequence 2—5—7—5—2 needs 
126 slots; and two alternative designs could be brought into 
the range of possibility by adding or subtracting one coil to 
or from the centre coil group. The sequence 2—5—6—-5—2 could 
be used in an armature with 120 slots, or the sequence 
2-5-8-5-2 in an armature with 132 slots; and these would 
manifestly give results only differing marginally from their 
prototype of 2-5—7-5-2 in 126 slots. The m.m.f. analyses and 
other data for windings of these last types have accordingly 
been added, as designs (i) and (j), to those in Table 2. The 
sequence 2—5—6—5—2 (i.e. 1-24-3-24-1, doubled) could, in some 
senses, be regarded as intermediate between designs (d) and (e); 
and the sequence 2-5-8-5-2 (i.e. 1-24-4-23-1, doubled) as 
intermediate between designs (e) and (f); although neither of 
them is a member of the prototype 1—x-(« + 1)=x-1. 

Clearly, both these designs (i) and (j) are very practicable 
forms of 10/8-pole winding, and it would be possible to make a 
useful direct assessment of design (i) by comparing the output 
of a machine frame wound for 10/8 poles with a single winding, 
of this sequence 2-5—6—5-2, with the output of the same frame 
wound with two separate integral-slot windings, respectively, 
for 10 and 8 poles and with 4 and 5 slots per pole per phase. 


(2.2) Designs using Integral-Slot Windings 


In Table 2 are also shown, in columns (a)-(c), the details and 
analysis of three designs of integral-slot winding, wound initially 
for 10 poles and modulated with omission of coils to 8 poles. 
The basic design in column (a) corresponds as nearly as possible 
to the basic design for 8/10-pole modulation, but it gives a higher 
harmonic content and would scarcely be satisfactory in practice. 
The modified design in column (5) is somewhat improved 
relatively, though it is again less good than its counterpart for 
8/10-pole modulation. The reason for these facts is fairly 
clear. Leaving out one coil group—or two separate coils— 
from an original total of five coil groups does not give as good 
an approximation to sinusoidal coil-group distribution as when 
there are four coil groups originally from which one is omitted. 

In column (c), there is shown the form of 10/8-pole modulation 
equivalent to that found most successful, when using an integral- 
slot winding initially, for 8/10-pole modulation. This is certainly 
the best form of modulation amongst those using a normal 
winding when unmodulated. It is of interest that the best coil- 
group arrangement for 10/8-pole modulation is 100-3-3-3-001, 
whereas the best coil-group arrangement for 8/10-pole modula- 
tion is 001-3-3-100. A little consideration shows that sinu- 
soidal coil-group distribution in each case is most nearly reached 
with the coil-group distributions stated, but the difference should 
be remarked. 

Table 2 can be regarded as the basic data sheet for 10/8 
pole-amplitude modulation, and it forms a companion to 
Table 6 in an earlier paper,” which discussed 8/10 pole-amplitude 
modulation. i 


(2.3) Design of Small Test Machine 


The design given in column (d) of Table 2 was the one selected 
for small-scale laboratory tests, because of the relatively small 


362 RAWCLIFFE AND FONG: SPEED-CHANGING INDUCTION MOTORS 


Table 3 
GENERAL EXPRESSIONS FOR LAYER FACTOR FOR 10/8 PoLe-AMPLITUDE MODULATION 


Modulation Slot 
epee Pa enurabers Layer factor 
ban mT MNT 
Column (a) | 60 sin +5 cos —Z COS Sy 
uenay, ma. Ima 
Column (4) | 60 sin 7p cos = sin 60 
Column (c) 90 : Lice 2 cos (hoe 4 gin sales, int 
15 ear Gee 90 10 
Column (d) | 54 3(200 ie <j 1)(2 Cos a 1) 
| 
1 2, SUIT eae LD TT, TN 17m7 mmr 
Column (e) 126 3) + 4 sin 47 SiN 496 (4 2 cos e) + COS 7) COS 167 
| 1 mr Sma SIT TT 
Column (f) ve [08 53 — cos 4 (4 sin -9 sin > 4 1)| 
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number of slots (54) which this design requires, compared with 
the other designs in Table 2. The layer factor was determined 
by the methods described in an earlier paper,* the general 
expression in this case being 


1 Smarr 2m 
5 (2008 = 1) (2.c0s — 1) 


This expression is one of those contained in Table 3, which 
records general expressions for the layer factor, for all the 
windings covered by Table 2. By putting m = 4 and 5, succes- 
sively, the layer factors for 8 and 10 poles are given as 0-758 
and 0-941; the corresponding chord factors are 0:998 and 
0-895; and the resultant winding factors are 0-756 and 0-844, 
the average being 0-80, which is a high value. 

If the 10/8-pole connection is arranged series-delta/parallel- 
star, the ratio of the polar fluxes is given by 


n 
Dig? y 4 30° 756 
Os 2X 0-844 VWin/3 
=a) 
The flux-density ratio is 
EL 1°25°x 0:778'='0-972 
Bg 


Within a very near tolerance, therefore, the machine ris fully 
fluxed at both speeds, as well as having a high average winding 


Fig. 4.—Fractional-slot winding in 54 slots, for pole-amplitude 
modulation: 10/8 poles. 


Winding phase-sequence: ABC, 

Phase-origin sequence: ACB. 

© Ideal phase origins. 

10 poles: 54 slots: 9/5 slots per pole per phase. 

Coil pitch: 7 slots = 1-30 (full pie) S for 10 poles 
Coil-group sequence per phase: 1-2-3-2—1—1-2-3-2-1. 
Overall coil-group sequence: 1-3—1—2-2, etc. (six times). 
Modulation by reversal of half of each phase-winding. 
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(a) 10-pole unmodulated. 


| 

‘actor. The m.m.f. analyses are given in Table 2, from which it 

ill be seen that the only harmonics which are not obviously 

aegligible are a 2-pole sub-harmonic in the 10-pole connection, 

and a 28-pole harmonic in the 8-pole connection, which, for- 
unately, rotates in the opposite sense to the main 8-pole field. 

_ The actual coil-group layout for the test machine is shown in 

the clock diagram of Fig. 4, in which the geometrical symmetry 
s been emphasized by marking the ideal phase origins. It will 

e peeved that the main ane sequence, ABC, is opposite 


i Sistions in Table 2 may be fully appreciated, the m.mf. 
eforms for the small test machine have been drawn for both 
: numbers, and for both the usual vector positions. They 


[REPEAT | 
VECTOR 
POSITION IL 


' 

(SCALE INCREASED 
2 

lin RATIO iw) 
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| Fig. 5.—M.M.F. waveforms for the two typical vector positions, for 10/8-pole winding in 54 slots, grouped 1—2-3-2-1—1-2-3-2-1. 
Coil-pitch: 7 slots = 1-30 (full pitch) for 10 poles. 


(6) 8-pole modulated. 


are shown in Fig. 5, the waveform being given in all cases for 
half the winding, the second half being identical with the first. 
Similar m.m.f. waveform diagrams can be readily constructed 
for any of the other designs in Table 2, and the visual impression 
gained from such diagrams would lead any experienced designer 
to expect satisfactory performance from machines using these 
windings. 


(2.4) Design of Large Test Machine 


Following the successful testing of the small laboratory 
machine wound to the authors’ design, a large 6:6kV test 
machine was built by an industrial company using design (/) 
of Table 2, with 144 stator slots, each stator phase-winding thus 
being grouped 2-6-8—6—2—2-6-8-6-2. This design can, of 
course, be derived directly from Table 2 by doubling each slot 
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of design (f), which is there shown as having 72 slots. The 
rating of the test machine was 450/800hp for 10/8 poles, 
respectively. There were 100 rotor slots, although this number 
has no special significance. The winding factors and flux- 
density ratio are all shown in Table 2, the winding factors being 
high and the flux-density ratio being almost equal to unity. 

The winding was placed in a stator core and frame identical 
in overall dimensions with that in which another 10/8-pole 
machine of the same rating was constructed, using two separate 
windings in 120 slots. The layout of the test winding is shown 


Fig. 6.—Fractional-slot winding in 144 slots, for pole-amplitude 
modulation: 10/8 poles. 


Winding phase-sequence: ABC, 

Phase-origin sequence: ACB. 

© Ideal phase origins. 

10 poles: 144 slots: 24/5 slots per pole per phase. 

Coil pitch: 18 slots = 1-25 (full pitch) for 10 poles. 
Coil-group sequence per phase: 2-6-8-6—2—_2-6-8-6-2. 
Overall coil-group sequence: 2-8-2—6-—6, etc. (six times). 
Modulation by reversal of half of each phase-winding. 


in the clock diagram of Fig. 6. The slots used for the single 
winding machine were, of course, very much shallower, and a 
considerably smaller frame and core could, in fact, have been 


used. 
(3) TEST RESULTS 


(3.1) Test Results for Small Test Machine 


Before putting the machine on load, the usual no-load tests 
were performed; and curves showing the variation of magnetizing 
current and no-load power with variation of applied voltage are 
given in Figs. 7 and 8, respectively. 

It can readily be shown that, when a winding is connected so 
as to be switched parallel-star/delta for p,/p> poles, respectively, 
the ratio of the magnetizing currents per line, ignoring saturation, 
is given in general by 


Ono) 
3 P2 ky 
where k, and k, are the corresponding winding factors. In this 
example, p;/p, = 0-8 and k,/k, = 1-11, and the numerical value 
. of the ratio is 1-06; whereas the measured ratio of the initial 
slopes of the magnetizing-current curves in Fig. 7is 1:12. This 
comparison is within 5%, and is quite as close as can be expected 
for such a calculation on a saturable circuit. 

The curves of no-load power shown in Fig. 8 are very nearly 
coincident for both speeds, the power loss after modulation, 
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Fig. 7.—Magnetizing characteristics for 54-slot 10/8-pole motor. 
Operating voltage = 500 volts. 


OOO §&8-pole parallel-star connection. 
x x X 10-pole series-delta connection. 


Ratio of initial slopes Js/Ij9 = 1-12, for a given applied voltage. 
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Fig. 8.—Variation of no-load power input with line voltage. 


54-slot 10/8-pole motor. ) 
Operating voltage = 500 volts. 

OOO 8-pole parallel-star connection. 
x X X 10-pole series-delta connection. 


)})n running on 8 poles, being only slightly higher. Merely on 
wount of increased speed, the no-load power would be expected 
jncrease more than in fact it does, and there is no question of 


(3.2) Test Results for Large Test Machine 


“n every respect, the performance of the motor with a single 
ye-amplitude-modulated winding was superior or equal to 
jt of the double-wound machine, at all loads. At the lower 
ved, the power factor for the single-winding machine was 
preciably better. After a test of this thoroughness and on 
's scale, following earlier tests on many 8/10-pole motors,” 
‘an be said with confidence that, for this speed ratio at least, 


4) double-wound machine is now obsolete. 


(3.3) General Note on Testing 


Neither the small machine, which was tested under completely 
jiet laboratory conditions, nor the large machine, which was 
Gted on an industrial test bed, showed any signs whatever of 
jnormal noise at either speed, on full load or on no load. 
The small machine was reverse-‘plugged’ at various voltages 
¢wn to about a quarter of the nominal voltage, for both speeds, 
tt there was no trace of any tendency to crawl, in particular 
the 28-pole harmonic, which, as mentioned in Section 2.3, 
ithe only sensible harmonic in the 8-pole connection. In the 
i-pole connection, all harmonics are trivial except the sub- 
monic, and this cannot cause crawling. The large machine 
is of too great a rating to be reverse-plugged, and it was in 
ict started on reduced voltage. Compared with other standard 
ngle-speed industrial motors, its accelerating properties were 
igarded as wholly satisfactory by the engineers of the industrial 
‘mpany who built the motor to the authors’ specification. 
|The authors would, of course, have liked to carry out dynamic 
d/torque tests, as was done for the medium-sized 8/10-pole 
achines discussed in an earlier paper,* but they do not yet 
DSSESS the necessary apparatus themselves, and the large 
achine was too large to be treated in this fashion. In the light 
‘the earlier exhaustive tests and of the extensive tests on these 
chines, it is, however, now possible virtually to discount any 
Meestion that these machines differ in any material respect from 
andard machines in relation to noise, vibration or accelerating 
roperties. 


4 


(4) DESIGN OF PRE-MODULATED WINDINGS 


(4.1) Introduction and General Theory 


An earlier paper* has shown, for a particular case, that 
\odulation may be carried out by simple reversal of one-half 
f each phase-winding with respect to the other half and without 
mission of coils on modulation, provided that the original coil- 
‘OUP Sequence is arranged according to a special non-uniform 
attern. The appropriate coil-group sequence was originally 
otained semi-intuitively; and the analytical treatment to deter- 
ine the best coil grouping, both in the former paper and in 
is paper, has so far been directed to an analysis, seriatim, of 
© various possibilities. It is, however, desirable to find a 
mple general method of determining the best possible winding, 
ir any particular slot number and pole combination, which does 
Mt involve successive and full analysis of the various possible 
signs. The following Sections deal with the development of 
ich a method of determination. 


ae 2 
iy (4.2) Pre-Modulation of Polyphase Windings 
he essence of pre-modulation of polyphase windings is that 
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the magnitude, but not the sign, of the modulating wave is 
permanently impressed on the windings. The process of modu- 
lation then consists solely of adding the effect of sign, by appro- 
priate reversals of coil groups. In effect, the amplitude of the 
m.m.f. due to the windings is permanently pre-modulated. 
Since the process of modulation essentially consists in multiplying 
the original m.m.f. waveform by a sine wave, it follows at once 
that the most acceptable form of pre-modulation is coil grouping 
according to a sinusoidal Jaw, at least as far as the resultant 
m.m.f. waveform after modulation is concerned. Having 
grouped the coils in this way, simple reversal of half of them 
necessarily results in sinusoidal pole-amplitude modulation. It 
only remains, therefore, to decide whether this form of pre- 
modulation is equally acceptable in relation to the m.m.f, wave- 
form before modulation. 

Any non-uniform distribution of coil groups is, in itself, 
undesirable, because it inevitably introduces sub-harmonics into 
the m.m.f. waveform. Non-uniform distribution is ordinarily 
associated with fractional-slot windings, in which sub-harmonics 
are inherent, although there is a counterbalancing improvement 
of waveform in relation to high-order harmonics. The effective 
and actual numbers of slots per pole per phase in fractional-slot 
windings are not equal, and the higher harmonics are often 
much reduced in magnitude, in a manner corresponding to an 
increased number of slots per pole per phase. 

Before considering further the question of winding distribution, 
some re-definition of certain terms is necessary. For example, a 
standard integral-slot 3-phase 8-pole winding in 72 slots will have 
a coil-group sequence 3—3—3-3—-3-3-3-3 per phase, whereas the 
corresponding pre-modulated coil-group sequence is 24—4-2— 
2-442, which formed the basis of a successful earlier machine.” 
The average number of slots per pole per phase in the latter case 
is still 3, and the winding is therefore still an integral-slot wind- 
ing, taking an average. It is, however, very doubtful whether it is 
proper to call such a winding an integral-slot winding, since this 
term has always been associated with uniform distribution. The 
present authors propose the use of the term quasi-fractional-slot 
windings for those in which the average number of slots per pole 
per phase is integral, but in which the distribution of coils is not 
uniform. 

The term quasi-fractional-slot can also be applied to windings 
in which the average number of slots per pole per phase is frac- 
tional, but in which the coil-group distribution is more irregular 
than is required simply by the number of slots. For example, a 
3-phase 8-pole winding in 36 slots will necessarily be a fractional- 
slot winding, with 14 slots per pole per phase, and in the accepted 
form of winding the coil-group sequence per phase will be 
1—2-1-2—1-2-1-2, which is as near as possible to uniform dis- 
tribution. For a quasi-fractional-slot 8-pole winding, intended 
for modulation to 10 poles, the coil-group sequence will be 
1-2-2-1—1-2-2-1; and this is exactly comparable to the dis- 
tribution 2-4-4-2—2-4-42, which was used in one large test 
machine.” 


(4.3) Effect of Pre-Modulation 


The effect of pre-modulation can be seen from the following 
general theorem: 

The m.m.f. of the three phase-windings of a polyphase winding 
of 2p poles, where 2p = (6m + 2) or (6m + 4), and m is any 
integer, can be expressed as 


ib 2 4 
A sin p0; Asin p (6 — =); A sin p (8 — =) 
If the amplitude A is pre-modulated, so as to go through one 
cycle of variation in a half-perimeter, as is necessary for the 
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basic form of pole-amplitude modulation, these expressions may 
be rewritten: 


A[t — 2M, cos k6] sin pO 


ali — EM, cos «(0 27) sin p(0.— == 
ali = 2M; cos k (8 -*)| sin p (8 -2 


where k = 2(1, 3, 5, etc.) for symmetrical pre-modulation, i.e. 
k = 2, 6, 10, etc., and MM; is the depth of pre-modulation for 
each component of the modulation. 

The direct term of each product gives the normal rotating 
field of p poles, and need not be considered any further. The 
additional terms, ignoring the coefficients AM,, are: 


cos k@ sin p@ = stsin (p+k)@ + sin (p — k6)] 


cos k (6 ==) sin p (8 — = — — = MT sin ¢p +4 (0 —* — = 


+ sin(p — “e-$ os 


ot) = 4] sin (p +4 (6—" peje 


+ sin(p te 


cos k (6 = — sin p(@ _ 


An 
3 


This gives two rotating fields of (p + k) pole-pairs; except that 
all values of (p + &) which are multiples of 3 will disappear 
when the three phase-windings are combined. 

In relation to the number of harmonics likely to be effectively 
present, it is clear that this number will increase as the number 
of values of k, for which M;, is substantial, increases; and that 
sinusoidal pre-modulation is therefore to be preferred to any 
other form. 

It is still true that the ideal amount of pre-modulation is zero, 
as far as the original pole number is concerned. The improve- 
ment in m.m.f. waveform in the modulated connection which 
results from the use of pre-modulated windings is, however, so 
substantial as to offset the disadvantages of pre-modulation in 
the original connection. Accepting the necessity for pre- 
modulation, however, it is now clear that sinusoidal pre-modula- 
tion, which is actually desirable for the modulated connection, 
is the least undesirable form of pre-modulation in.relation to 
the original unmodulated waveform. It only remains to deter- 
mine a design technique for applying sinusoidal pre-modulation 
to any particular pole combination and slot number. 

It should be noted that if a winding has 6m poles the individual 
phase windings cannot be expressed as 


Asin p@; A sin p (6 — ee A sin p (8 = 20 
but only as 


A sin p@; A sin (v8 — ay A sin (v6 —* — —— 


_ In the latter case it is impossible directly to apply pre-modula- 

tion, in the manner previously described, by three equally 
spaced pre-modulating waves. This is because three origins, 
spaced 27/3 geometrically, would all be in the same phase for 
a winding of 6m poles. Hence this pre-modulation technique is 
only applicable to pole numbers which are not multiples of 3, and 
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the origins of the pre-modulation will only coincide with th 
of the modulating envelopes if the modulated pole number 
is not required to be a multiple of 3. 


(4.4) Design Procedure for Sinusoidal Pre-Modulation 


Consider one half-cycle of a sine wave, with origin at ze 
which is taken to correspond with a semi-perimeter of 
machine, when the pole number is to be changed by 2. ( 
extension to other differences is obvious.) Take the peak 
the wave to correspond with the ‘centre-of-gravity’ of the 
groups of one-half of a phase-winding, and a quarter of a cy 
of this wave, on each side of this peak, to represent one half-cy 
of the modulating wave. The horizontal axis can conyenien 
be scaled according to the slotting of the machine. 

The e.m.f. per coil group can readily be determined, in tern 
of V, the e.m.f. per coil, using the classical expressions for spreé 
factor. The e.m.f. per coil group is 


sin ny 
Vy 2 


sin 5 
where n is the number of coils per group, and @ is the electric 
angle, on the original main-pole scale, between successive coil 
The quantity sin (n8/2)/sin (0/2) can conveniently be tabulated, fi 
a series of values of n, for different values of 6; n will normal 
lie between 1 and 10, in most cases. 

The e.m.f.s having been determined for each coil group in on 
half phase-winding, their values are set up, as ordinates, : 
abscissae which correspond with the ‘centre of gravity’ of tl 
respective coil groups. This ‘centre of gravity’ will lie at a sl 
if the number of coils in the group is odd, and intermediate 
between two slots if the number of coils in the group is even. 

The heights of these e.m.f. ordinates are then compared wi 
the reference sine wave, the vertical scale of this wave beit 
adjusted to correspond with the e.m.f. of the centre coil grou 
If the ordinates follow this sine wave the distribution is ide: 
In so far as they depart from it, the distribution is less than ide: 
Several coil groupings can be quickly examined in this way, a1 
it will usually be obvious which are the best one or two. Indee 
one can almost tell by eye which is best. It is believed that t 
coil-group sequence per phase-winding is much more obvious 
significant than that for the whole machine. Either sequen 
can, of course, be determined from the other. 

The whole process can be well illustrated by reference 
design (i) of Table 2, giving a 3-phase 10-pole winding in 1 
slots, grouped 2-5—6—5—2—2-5-—6-5-2, according to the cl 
diagram of Fig. 9. 

With respect to 10 poles one slot is 15°; and the ete 
the coil groups of one phase-winding are thus 1-:98V, 4-6! 
and 5:42V, etc., respectively. As will be seen from Fig. 
the centres of these coil groups for phase-winding A are, respi, 
tively, between slot 1 and slot 2—called ‘slot 14’; at slot 1) 
and between slot 25 and slot 26. The latter point is the cen’ 
of the half-cycle of modulation, which extends over 30 s] 
pitches on either side. 

The nearness of the approach to sinusoidal coil-group | 
tribution is shown in Fig. 10. The ordinate 1-98V at slot 14: 
slightly above the ideal value of 1-68V; and similarly the ordini: 
4:65V at slot 13 is a little greater than the ideal value, 4-30 
Alternatively, one could say that the centre ordinate, 5-42V.' 
slightly below its ideal relative value, and that the curve of cc” 
group distribution is thus a slightly flattened sine wave. If’: 
coil-group distribution 2-5—7-5-2 in 126 slots is used inste. 


| 


: 
| 


e 
6 to 1.2 
Hil to 120 


| 
ite. 9.—Quasi-fractional-slot winding in 120 slots, for pole-amplitude 
{ modulation: 10/8 poles. 


Winding phase-sequence: ABC. 

Phase-origin sequence: ACB, 

; © Ideal phase origin. 

} 10 poles: 120 slots: 4 slots per pole per phase. 

| Coil pitch 15-slots = 1-25 (full pitch) for 10 poles. 

; Coil-group sequence per phase: 2~5—6—5—2—2-5-6—-5-2. 
| Overall coil-group sequence: 2—6—2-5-5, etc. (six times). 
Modulation by reversal of half of each phase-winding. 


can be shown by similar analysis that the result is a slightly 
yeaked sine wave of coil-group distribution. 

| Since slot numbers and the numbers of coils per coil group 
re necessarily integral it rarely happens that the ideal sinusoidal 
joil grouping is exactly attained, and the closeness of approxima- 
ion here reached is, in fact, very satisfactory. Good perfor- 
mance is given by many windings which depart far more widely 
rom the ideal than does this winding. Indeed, the m.m‘f. 
malysis given in Table 2 shows that this winding is one of the 
referred designs for 10/8 poles. Since, for this pole combina- 
ion, an exhaustive analysis of all possibilities has already been 
nade, the construction in Fig. 10 in this case merely confirms 
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Fig. 10.—Approach to sinusoidal coil-group distribution. 


10-pole winding in 120 slots. 

30 slots = 90° on the modulating wave scale. 
The wave 5:42V sin 9 is shown as a broken line. 
5-42 sin 18° = 1-68. 5-42 sin 52-5° = 4-30, 


@ results of the general analysis. The general method of 
10 is, however, now available to enable the best design for 
ier pole combinations to be obtained by simple direct means. 
In conclusion, it should be noted that 120 slots is the smallest 
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number in which a standard single-speed integral-slot winding for 
either 10 poles or 8 poles can be wound, giving, respectively, 4 or 
5 slots per pole per phase. The number 120 is, of course, three 
times the least common multiple (40) of 8 and 10. Two-speed 
double-winding motors for this pole combination have commonly 
been designed to have 120 slots. It would be possible, speaking 
arithmetically, to say that the 2-speed winding just discussed is 
an integral-slot winding for both pole numbers, though the 
authors believe that it would be a misuse of terms to do so. 
The new term suggested above—quasi-fractional-slot winding— 
is thought to be very much more appropriate. 


(4.5) Simplified Approximate Procedure 


The procedure explained in Section 4.4 can be radically 
simplified, in most cases, by the following considerations. 
Reference to Fig. 10 will show that the ‘centres of gravity’ of 
successive coil groups are almost equidistant, even in the winding 
there discussed, which has a very irregular coil-group distribution. 
Because of the interleaving of the phases this is always true; 
and, for all practical purposes, these ‘centres of gravity’ can be 
taken as equidistant. This avoids any necessity for drawing a 
clock diagram, as was done in Fig. 9. 

Further, even in the larger coil groups, the vector sum of the 
e.m.f.s in one coil group is nearly equal to their arithmetic 
sum; and, as a first approximation, can be taken as equal. One 
then simply has to read off the values of the ordinates of a sine 
wave, representing the desired modulating wave, at intervals 
which correspond to the average coil-group spacing. The 
numbers of coils in the various groups have then to be taken 
as those integers which are most nearly proportional to the 
corresponding sine-wave ordinates. 

For example, the average coil-group spacing in a 10-pole 
machine is 36°; and, by reference to Fig. 10, the corresponding 
ordinates for a half phase-winding are seen to be 


sin 18°; sin 54°; sin 90°; sin 126°; sin 162° 
The coil grouping should therefore be proportional to 


0-309 : 0-809 : 1-000 : 0-809 : 0-309 


or ROMER Glaecns 248 sor ol msl O 
or, as nearly as small integers permit, 

either Drs Oe Sey 

or Die SUE TES SE 


As Table 2 shows, these two are, in fact, the ideal coil groupings; 
and the result given in Section 4.4 has here been obtained with 
sufficient accuracy and much greater ease. 


(4.6) The Theoretical Value of Layer Factor after Modulation 


The winding factors for a number of particular examples of 
10/8-pole windings, after modulation to 8 poles, are given in 
Table 2. Since the chording factor in every case is then virtually 
equal to unity, the layer factors are the same as the winding 
factors. (The layer factor of a fractional-slot winding has been 
defined in Reference 2 as the spread factor of a complete 
winding.) 

There is a theoretical ideal value for the layer factor of a 
sinusoidally distributed winding after modulation, to which all 
these actual values are approximations. It can be deduced as 
follows. 

The coil groups of a half phase winding after modulation are 
spread over 180°, but the distribution is not uniform. (The 
two halves of the winding are identical.) On the contrary, the 
conductor loading of the armature at the element ds in Fig. 11 
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Fig. 11.—Ideal layer factor for sinusoidally distributed winding. 


Conductor loading on Y axis: Cy. 
Conductor loading at angle 0: Cy» cos 0. 


is ideally given by C,, cos 0, where C,, is the peak loading. 
Assume unit e.m.f. per conductor. Then the resultant e.m.f. of 
two symmetrically disposed elements, by vector addition, is 
(2C,,, cos 08s) (cos 8). Now, ds = R6@; and the total e.m.f. for 
the half phase winding is therefore 

n/2 = 

2CpR | cos? 6d = 5 (Cn) 
0 


But the total number of conductors, and the arithmetic sum of 
their e.m.f.s, is given by 
re /2 7/2 
zal C,, cos 05s = 2C,R| cos 6d0 
0 0 
= 2C,,R 
The theoretical layer factor is therefore 


5 (Cp R)2C AR = n = 0-785 
This theoretical value (0-785) compares very closely with the 
actual values obtained by calculation for a 10/8-pole winding 
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after modulation to 8 poles. A winding with excessive co, 
centration of coils at the centre of each phase winding (such 
one grouped 2-5-8—5-2) has a slightly higher layer factor (0-81 
than the theoretical value, whereas one which has too uniform 
distribution (2-5-6-5-2) has a slightly lower layer factor (0-75 
For approximate computation, the value 0-785 may often | 
assumed, and detailed calculation thus avoided. Any departu 
from sinusoidal distribution, though it may improve the lay 
factor, will result in a corresponding degree of deterioration 
the m.m.f. waveform. 
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SUMMARY 


The concept of digital solutions of many of the network analysis 
‘oblems associated with the design and operation of electrical power 
fems isnow generally appreciated. There is, however, little indica- 
of an increasing routine use of such methods in the United 
‘Lingdom, although many types of digital computer are now available. 

i, is suggested that this is partly due to the fact that most of the 
sisting programmes in this field employ techniques which have been 
wiepared by skilled programmers for use with large high-speed com- 
xjuters, and digital analyses consequently tend to be restricted to the 
ealm of special studies at computing centres. 

| The paper describes the network theory, programme details and 
pplication of a general method of digital network analysis particularly 
uitable for use with low-speed computers. The method has been 
oved using both high- and lower-speed computers and the results of 
ample load-flow and short-circuit studies are discussed. 


LIST OF PRINCIPAL SYMBOLS 


z = Impedance. 
-\ y = Admittance. 
Y = Nodal admittance coefficient for load-flow studies. 
| Y’ = Nodal admittance coefficient for short-circuit studies. 
f b = Shunt susceptance. 
'_ s = Sending-end busbar number. 
| r= Receiving-end busbar number. 
| / V= Voltage of busbar above neutral, N. 
d= Voltage difference of busbar relative to the reference 
busbar. 
_P, OQ = Active and reactive powers (Q positive when lagging). 
I = Injected nodal current. 
i = Branch current for load flows. 
i’ = Branch current infeed to a faulted busbar. 
_ E = Constant generator e.m.f. 
t = In-phase transformer tap. 
q = Quadrature transformer tap. 
T= Tolerance used as an iterative convergence criterion. 
e = Error quantity compared with r. 
_(m) = Iterative state. 


Subscripts. 
0 = Reference quantities 
g = Generation quantities. 
! = Load quantities. 
f = Fault quantities. 
n = Equivalent shunt admittances. 


c-- (1) INTRODUCTION / 

It has often been demonstrated that new methods for the 
lysis of engineering problems rarely replace existing and well- 
d methods i in their entirety. The use of digital computers for 
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power system analysis, which has hitherto been the field of 
specialized analogue computation,!»? is unlikely to invalidate 
this principle, chiefly because numerical methods do not provide 
the physical correspondence of controls and parameters which is 
inherent in analogue representation. Whereas this facility is of 
prime importance to engineers concerned solely with system 
planning or with the training of operation personnel, it may be 
considered as secondary if the solution of network problems. 
occurs as only part of the work of a group requiring other forms. 
of computational assistance, for which a general-purpose digital 
computer is suitable. 

The availability of small or medium-sized digital computers is. 
such that there is no longer any need for digital network analysis 
to be confined to the large high-speed computers at computing 
centres where studies are inevitably carried out on a piecemeal 
basis. Provided that special consideration is given to the 
development of programmes suitable for smaller, slower com- 
puters, it is felt that they can be of considerable use in the solution 
of routine network problems and also as analytical tools in the 
investigation of conditions for which analogue representation 
may be inadequate, e.g. networks having low R/X ratios, low 
series impedances in conjunction with high shunt values, phase- 
shifting transformers, saliency, saturation, voltage regulator and 
governor effects. Many such studies are concerned only with 
local effects and the remainder of the system can be reduced to 
an equivalent for which a small or medium-sized computer 
would be adequate. Thus, scope exists for the employment of 
such computers even if access to a network analyser is normally 
available. 

The most frequently occurring routine problems for network 
analysis are balanced load flow, transient stability and short- 
circuit investigations; unbalanced conditions comprise a separate 
and relatively minor group of studies. The method to be 
described is a general one which provides the basis for the treat- 
ment of the three former problems as a comprehensive digital 
investigation if required and which is inherently suitable for the 
inclusion of such special effects as listed above. The paper deals 
in detail only with the load-flow and short-circuit study pro- 
grammes, but extensive desk-machine studies on small systems 
have been carried out to prove the method for all three cases. 


(2) DESCRIPTION OF METHOD 
(2.1) General 


Early approaches to the digital solution of load flows? 4 
employed mesh methods of analysis which were difficult to code 
in system terms. Succeeding investigations have generally 
established the superiority of the nodal iterative approach, with 
various means of solution of the linear equations involved 
according to the computer and the subroutines available, e.g. 
triangulation,? successive or simultaneous adjustments of the 
nodal voltages®8 and relaxation.? Short-circuit!® 1! and tran- 
sient-stability studies!2 have previously been considered as 
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separate investigations using reduced networks in which physical 
correspondence of coefficients is destroyed. 

The present paper advocates the use of an improved form of 
the Gauss-Seidel iterative process,!3 described in Section 10.3, 
for the solution of the nodal equations under all circuit con- 
ditions. The overall process is thus always iterative, and appro- 
priate restraints can be continuously incorporated in the 
solution. By this means two primary requirements for routine 
programmes on smaller computers are fulfilled, namely: scaling 
for fixed-point computation is reduced to a minimum and 
programming made correspondingly easier; and network coeffi- 
cients are unaltered. Thus physical correspondence is retained 
and data changes involve a minimum of disturbance and recom- 
putation. This feature is further facilitated by the method 
adopted for the representation of tapped transformers during 
load flows. 

The explicit use of Kron’s connection matrix technique!* for 
the formulation of the nodal equations and for the evaluation of 
the branch currents involves either the wasted storage associated 
with large matrices containing many zero elements or the extra 
time and programming effort of some interpretive scheme such 
as that described by Bennett.2 Considerable simplicity and 
saving of time is achieved by supplying topographic information 
in the form of the jsending-end and receiving-end numbers 
associated with a defined direction of flow for each branch. 
The formulae of Section 10.1 show that such information is 
sufficient for all purposes. This method of definition has also 
been used successfully for the formulation of other types of 
network equations, e.g. the differential equations for the deter- 
mination of network transient recovery voltages. 

Arithmetic in the programmes described is carried out in 
complex form using Cartesian co-ordinates with subroutines for 
conversion to polar form for output purposes. Such conversion 
and reconversion would be essential during the integration of 
the swing equations of a transient stability investigation. 


(2.2) Load-Flow Studies 


The equations of the nodal iterative method of analysis for 
network load flows are given in Section 10.1 and those for the 
representation of tapped transformers in Section 10.2. The 
method requires the definition of the basic load-flow problem in 
terms of: 


(a) Nodal admittances, computed from branch impedance 
and topographic data. 

(b) Loads and lumped susceptances at all busbars. 

(c) Active and reactive power generation at all busbars except 
the reference busbar, By, which must take up the residue of 
generation and losses. 

(d Voltage of the reference busbar to neutral, Vo. 

(e) Transformer taps. 


The network driving functions, i.e. the nodal currents J, can 
be evaluated for an assumed or existing voltage distribution as 
shown and a better voltage distribution obtained by the solution 
of the equations Yd = J for the difference voltages d, there being 
n such equations for an (7 + 1) busbar system Bo, B, .. . B,,. 
The process can be repeated, using the resulting voltage dis- 
tribution to provide new starting values, until successive solutions 
agree to within a given tolerance, when the process is said to have 
converged. 

_ The improved Gauss-Seidel method of solution of a set of 
linear equations. with fixed driving functions can also be con- 
tinued to a state of convergence. The load-flow programme, 
however, uses one application of this process to effect a better 
solution of the nodal equations at each step of the system itera- 
tions, the combined effect being an overall iterative process. 
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Zero starting values are assumed for the difference voltages, i 
all busbars are assumed to be at reference voltage, unless 
results of a previous similar study are available, and the pro 
is continued until a satisfaetory convergence is obtained. 

At each stage of the iterative process an error quantity, ¢, 
computed and compared with a specified tolerance, 7. Thus 
the (m + 1)th stage, 


cmt) = [emt], k= 1,2. 


evn +1) == [dy t+) = df”| 


where 


| 


Convergence is complete when « < 7, at which stage busba) 
voltages, branch currents, branch power flows and busbar powe 
balances are evaluated and printed. The tolerance, 7, is al 
empirical criterion only and may vary with the system, thi 
ultimate criterion being the permissible errors in the busba. 
power balances. 

A complete system investigation usually requires the com 
parison of a variety of system operating conditions, each o 
which will be obtained as an optimum load balance, arrived a 
after a number of trial solutions with intervention by the systen 
engineer between solutions to vary the generation or transforme 
taps, etc., in order to achieve the required state. It is uneco 
nomic to specify fine tolerances for such intermediate studies 
and further time is saved in that the form of output develope 
permits ready interpretation of the load-flow results withou 
transcription to a circuit diagram. 

Conditions of convergence of the process and the use 0! 
acceleration techniques are discussed in Section 5. 


(2.3) Short-Circuit Studies 


The previous method of voltage definition, i.e. variable busba 
difference voltages relative to a fixed reference busbar, can ni 
longer be used unless the fault is invariably applied at busba 
Bo, which is an unacceptable restriction involving redefinition o 
the system for each alternative fault location. This is avoidei 
and the generality of the method preserved by replacing th) 
difference voltages d by the busbar voltages to neutral, Y 


V;... Vy, as the variables of the modified set of m + 1 nodé 
equations derived in Sections 10.1.2 and 10.2: 
Y'V = y.E 


The nodal admittance coefficients, Y’, correspond to— 
square matrix of order n + 1 which differs from the Y coefficient) 
used for the load flow by: the addition of the elements of a roy 
and column to allow for the reference busbar; the inclusion 7 
the diagonal (self) admittances of lumped susceptances, generato 
admittances and loads, using for the latter a constant impedance 
representation which is automatically computed from the pre 
fault load-flow conditions at each busbar; and the inclusion ¢. 
the effects of transformer taps in appropriate self and mutue 
coefficients. 

The new driving functions y,E are constant, computed fror 
the pre-fault generator terminal conditions and a list of appre 
priate generator impedances, the latter being sub-transient value 
for circuit-breaker ratings or transient values for protective gea 
applications and transient stability studies. This computatio. 
corresponds to the replacement of the specified constant powe 
generations by equivalent voltages maintained behind appropriat 
generator impedances. 

The modified nodal equations, which are now exact, i.e. the 
can be solved by a single application of any direct methoc 
therefore represent the network in the pre-faultscondition an 
their solution would give the voltages V already determined b 
the load flow. The solution of the same equations by means ¢ 


i¢ Gauss-Seidel process with one of the voltages, V;, con- 
' jauously maintained at zero corresponds to the application of a 
i lort-circuit at busbar Br. Zero starting values are assumed for 
\ IL voltages and the process is continued to convergence, generally 
) a wider tolerance than that accepted for the load flow. The 
‘ hort-circuit level and the infeeds to the faulted busbar are then 
/»mputed and printed. The procedure may be repeated for any 
‘amber of busbars to be faulted in turn, no reorganization of 
ie coefficients being required. 
| Faults at locations other than busbars are allowed for by the 
reation of fictitious nodes during the system definition, and 
ults through impedance by modifications of the appropriate 
r If-admittance coefficient with no applied fault restraint during 
i solution. The application of simultaneous faults is par- 
‘icularly simple using the iterative method. 
) Short-circuit studies can be developed, alternatively, to follow 
ad-flow studies with no intervention or as a separate programme 
quiring the input of the converged difference voltages from the 
ad flow. The choice depends on the type of computer and 
programme requirements, the former method being adopted 
‘or the high-speed computer studies, where input and output 
“Jepresent an appreciable proportion of the study time, and the 
“atter method for the lower-speed computer to permit greater 
_lexibility. 


i (2.4) Transient Stability Studies 


| There are many arguments in favour of system reduction and 
che use of available integration subroutines for the digital solu- 
ion of the swing equations, and this is perhaps the best approach 
for straightforward transient stability studies on large systems 
using high-speed computers. The use of low-speed computers 
for transient stability studies, however, is likely to be limited by 
the time factor to smaller equivalent systems, with perhaps the 
inclusion in detail of various secondary effects, in which circum- 
stances it will be advantageous to retain the identity of busbars 
and branches. Programme development for this purpose might 
Well be on the lines of the present network analyser procedure 
using a step-by-step integration technique with intermediate 
Solutions of the network by the iterative process, incorporating 
restraints as required. The solutions at each step would provide 
good starting values for the next step and satisfactory accuracy 
could be obtained by variation of the integration time interval 
in conjunction with the tolerance of convergence. 

_ It is felt that, with the advent of simulator techniques for the 
automatic solution of the transient stability problem,!> routine 
‘studies of this type will continue to be carried out on network 
lanalysers thus equipped for some considerable time. 


\! 


(3) SAMPLE SYSTEM STUDIES 


(3.1) Description of Computer 


| The following information concerning the computer used for 
the studies is given to provide a basis of comparison for the 
Solution times quoted. 
The computer is a general-purpose machine using a one- 
address instruction system with facilities for address and 
instruction modification by means of eight quick-access ‘B’ 
Stores. Main storage is by a magnetic drum whose capacity is 
4096 words organized as 128 tracks of 32 words each. The 
ord length is 32 bits, i.e. 10-decimal equivalent, with a double- 
le th accumulator, and normal working is in fixed binary 
nt with a maximum number magnitude less than one-half. 
optimum programming is used, a period of 3-5 millisec is 
uired for the operations of addition, subtraction and transfer, 
20 millisec for multiplication; otherwise, 1U millisec mean 
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access time should be added to each instruction, this being the 
case for large general programmes of this type. Division is by 
subroutine and requires approximately 1 sec. 

Input is by 5-hole paper tape read at 250 characters per 
second. Output is by standard equipment, either punched paper 
tape at 25 characters per second or directly from a teleprinter at 
7 printed characters per second. All tapes utilize a preset 
parameter facility whereby temporarily faulty storage locations 
are omitted from the storage scheme. 


(3.2) Problem Preparation 
The preliminary preparation of system problems for digital 
analysis differs only in small details from that for a network 
analyser investigation. The procedure is: 
(a) The system is defined by a one-line diagram as in Fig. 1, 
transmission lines being represented by their series impedances 
with susceptances lumped at busbars. The maximum size of 


11kV 


Fig. 1.—Definition of sample system. 


network which can be solved using the present programme is 
16 busbars, including By, and 32 branches of which 16 may be 
tapped transformers. There is no restriction on the number of 
branches in parallel between two busbars. 

(b) A reference busbar, Bo, is chosen and the remaining busbars 
numbered sequentially to B,; for the 14-busbar system shown. 
The reference busbar must be able to provide the residue of 
system generation and losses. (Factors which affect the choice 
of Bo are discussed in Section 5.) 

(c) Branches are numbered consecutively, 1 to 16 as shown, 
without reference to the busbar numbers. 

(d) Branch flow directions are allocated, thus specifying 
explicitly the s and r numbers associated with each branch. 
All flows are calculated with respect to the defined directions. 
For branches which are tapped transformers the flow directions 
must be such that the taps are represented at the sending end. 
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Table 1 


SYSTEM DATA FOR SAMPLE STUDY 


Busbar data 


Branch data 


Number 


Le) 
3 


=) (=) 
nA N 
Ww wm 


0) 
1 
2 
3 
4 
5 
6 
7 
8 
9 


SAosooeCcos os] | 


NReococooceoo so) |s x 
Wn 
ro) 

wn 

=O 


Se 


Reference voltage, Vo = 1:0p.u. 
Tolerance, t, on |d(+1) — d(”)| = 0-0002 p.u. 


wo 
a 


ery 
iS 


WOAIHANUNARWNeE 


SDwWwWORMNNACHO~ 00 
— 
2 ee OD tO) 0) CO HI WN LO 


All system quantities are in p.u. on a 400 MVA base. 
a = Source sub-transient reactance, resistance neglected. 
r + jx = Branch impedance. 


(e) System data are expressed in p.u. values on nominal 
voltage bases and a convenient MVA base, chosen so that 
no series impedance exceeds O-lp.u. The maximum impe- 
dance which can be represented is 5p.u. This allows for as 
wide a range of values as is normally encountered and ensures 
optimum scaling of the admittances formed within the computer. 
The data used for the studies on the sample system are shown in 
Table 1, where equivalent impedances are given for the number 
of circuits shown in parallel in Fig. 1. 

(f) Data tapes are prepared on which system quantities are 
punched after being divided by a cOmmon factor of 10, this 
being the only further requirement for scaling purposes. Other 
data, such as the s and r numbers, are punched as integers. 
Separate tapes can be employed for each block of data, i.e. 
branch data, susceptances, loads, generation, taps. 


(3.3) Sample Load Flow 


The system of Fig. 1 has been used throughout the develop- 
ment of the present programmes since it contains all the typical 
system-elements, including shunt reactance, which is represented 
by negative susceptance. Further, the voltage distribution in 
this system is very sensitive to reactive power requirements, 
owing to the relatively large concentration of shunt susceptance 
associated with the 275kV line, and thus unusually onerous 
conditions of convergence can be imposed during trial balances 
with various generation estimates. 

The load flow programme is read in together with the prepared 
data tapes and a control tape containing the following 
information: 


(a) The tolerance 7. (The result under discussion is an 
optimum load flow balance, and previous balances had shown 
that convergence to a tolerance of 0:0002p.u. would give 
maximum busbar power-balance errors of the order of 0-5 MVAr 
which was considered acceptable for this study.) 

(b) The interval between intermediate print-outs. Present 
practice is to print the existing solutions for the difference 
voltages, d, the error quantity, «, and the busbar number corre- 
sponding to the largest error at intervals of, say, 10 iterations. 


It is thus possible, with little loss of time, to follow the con- 
vergence of the process; moreover, the printed values provide a 
useful point at which the computation may be stopped overnight 


SE 20090 LOAD FLOW 400 MVA BASE 
RUN 3.9 NET v A 
Mu MVAR PU DEG BUS 
44 
-.00090  +.00930 -38 eee 29991 253 1 
+.04474 +.00780 - .03 - .00 1.0448 243 2 
+.00039 +.02246 gees 054 41.0006 1.29 3 
4.03118 +.02151 - .01 200 1.0114 dee 4 
+.01385 +.09366 Ser 204 1.0182 5.28 5 
-200705 +.02665 - 236 -10 +9933 1.54 6 
-.01175 +.08319 05 206 29917 4.81 7 
-.00752 +.05929 205 205 29942 3242 8 
-.01686 +.14964 =" soil 014 29945 8.66 9 
202225 +622323 =) 215 220 1.0029 12.86 10. 
-.00167 +.22399 - .06 220 1.0231 12.65 41 
-205575 +-30202 - .02 200 29914 17.73 12 
206932 +235 159 - .02 - .01 29949 20.69 13 
SEND RECEIVE 1 A 
MW MVAR MW MVAR PU DEG BRANCH | 
83.98 - 15.46 83.32 - 22.81 2215 28.16 1 
1.55 - 12625 1,53, saedeeng 2031 95.66 2 
160.10 —- 36-40 157-78 - 60.12 2413 33-50 3 
TAssOmeadoat4s 69.78 —- 17.80 2181 22.95 4 
159026 - 534 156.49 = 25.59 2389 14.57 5 
25.06 - 6.51 24.50 - 8.15 2065 23.20 6 
32029 - 9242 31029"! | 42639 2085 24.91 y | 
19244 - 6253 196 - 7264 2052 23.38 8", 
13.02 - 3.67 12.88 - 4.09 2034 19.17 9° 
21638 = 19252 21.34 = 9.95 2059 25.52 es") || 
ay ds 33200 - 08 31256 2079 - 89.62 bh a 
156022 40.88 154.40 29.09 2396 - 9.39 125) 
= treo 42.52 - .06 42.07 2105 - 88.80 13 
- 12.40 3224 - 12.42 Sate 2032 -165.37 14 
27.84 - 1206 27 98 J = eae 2070 304 5 
- 10.23 1.46 - 10.27 4023 2026 -171.88 16 | 
REF GEN ' 
MW MYAR 
134.37 102.69 ad / 


Fig. 2.—Load-flow output. 
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Fig. 3.—Comparison of network analyser and digital load-flow studies. 


(a) Network analyser result. 
\ (6) Digital result: reference ‘B’. 
(c) Digital result: reference ‘A’. 


Or act as starting values in the event of a complete breakdown 
of the calculation for any reason. 
(ec) Acceleration factors. An empirical accelerating factor, 
_A, can be applied as explained in Section 5. (In the case under 
iscussion A = 1-7.) 
_(d) The maximum number of iterations to be performed before 
mmputation stops even if convergence is not complete. This 
You. 108, Part A. 


- 


may be necessary if, for instance, an unstable voltage condition 
has been posed in the data and the computation is completely 
unsupervised. 

Fig. 2 is a reproduction of the final printed output for a 
load-flow study on the sample system using the given data. 
The number 44 immediately below the run reference number is 
the number of iterations required to converge from zero start- 
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ing values for the difference voltages to a tolerance of 
0:0002p.u., and the first two columns of the busbar data are 
the p.u. Cartesian co-ordinates of the converged difference 
voltages. Angles are given in degrees relative to the specified 
reference busbar voltage, and currents given for branches repre- 
senting tapped transformers are the sending-end values. It 
should be noted that the generation at the reference busbar is 
that required to balance the net power flows, hence there is 
no busbar check available for Bp. The result of this study is 
also given in system diagram form as Fig. 3(c). 

The overall study time for the results of Fig. 2 was approxi- 
mately 2:3 hours divided as follows: 


min 
Programme input .. B ze ae ot el 10 
Data input and scaling ae oe Ha rf 1 
Coefficient formulation 2 
44 iterations (2:5 min each) +p oor L10 
4 intermediate prints (1 min each) _ ss 4 
Computation of branch flows and balances ae 4 
Final print .. ae. oe ie “in a LO) 

141 


Subsequent load-flow studies require no further programme 
input and take less time to converge, depending on the extent 
of the change to be made to the system. The time taken to 
obtain a new solution for a system condition which differs only 
in minor detail from an existing solution, however, remains the 
chief disadvantage of digital network analysis even though the 
iterative approach and the method of tap representation eliminate 
the need for further operations on the coefficient matrix. 


Changes of system data, ie. reference voltage, generation, 


loads and taps, are carried out by overwriting the appropriate 
previous data with the new values and proceeding with the first 
iteration. Sixteen further iterations were required for con- 
vergence from the result of Fig. 2 to a new balance corre- 
sponding to a tap change from —1 to —2% on branch 12, i.e. 
55 min overall study time with a full print-out. 

Network data changes, involving changes of branch impedance 
other than the removal of the only branch between two busbars, 
are carried out by the input of the new branch impedances and 
reformulation of the nodal coefficients. The effect on the last 
balance, i.e. with —2°% tap on branch 12, of eliminating one of 
the two circuits comprising branch 4 required 24 iterations, i.e. 
78 min with full print-out. The complete removal of branches 
can be treated alternatively by the renumbering of branches, 
which is facilitated by the initial allocation of high branch 
numbers to those to be removed or by overwriting the appro- 
priate admittances with zeros. The latter method preserves the 
identity of the branch numbers and is to be preferred unless a 
large number of such changes are made simultaneously. 


(3.4) Sample Short-Circuit Study 


Short-circuit studies commence with the input of the pro- 
gramme tape followed by the same data tapes as were prepared 
for the corresponding pre-fault load flow together with generator 
impedance data, the list of busbars to be short-circuited and finally 
the converged difference voltages and the reference generation 
from the load-flow result. 

Fig. 4 is a reproduction of the standard output for a short- 
circuit study based on the data of Table 1 and the load-flow 
result shown in Fig. 2, for faults applied at busbars B,; and B; 
in turn. The information printed for each fault case is: 


(a) The number of iterations to convergence. (An accelerating 
factor of 1:4 was applied in each case and the tolerance used was 
0-002 p.u., ie. 10 times that for the load flow study.) 

(b) The MVA short-circuit level. 
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(c) The p.u. fault-current contributions for all branches connec 
to the faulted busbar, including generator contributions which are 
zero in the cases shown. These currents are given as infeeds at the 
faulted end of each branch, their angles being relative to the pre- 
viously specified Vo. - 


SE 20090 S/C STUDY 400 MYA BASE 
RUN 3.9 
BUS 11. 1121 MVA 17 ITERATIONS 
BRANCH 1 PY A DEG 
2 2584 - 69.23 
3 1.293 - 56.65 
5 1.008 - 87-60 
GEN. -000 -00 
BUS 5 1079 MVA 14 ITERATIONS 
BRANCH 1 PU A DEG 
5 1.119 - 58.77 
12 1.648 - 85.10 
GEN. - 000 -00 


Fig. 4.—Short-circuit study output. 


Alternative output schemes may be considered necessary for 
particular protective gear applications, e.g. selected busbar 
voltages and currents in back-up zones could be printed follow- 
ing the input of a data tape to specify the requirements. For 
smaller systems, however, it is sufficient to select either a standard 
output scheme as described above or to output all busbar voltages. 
and branch currents. No intermediate prints are considered 
necessary for short-circuit studies. 

The time occupied by the short-circuit study was approxi- 
mately 1-2 hours, divided as follows: 


min 
Programme input : sé 40 
Data input and scaling % aes 
Formulation .. ae 
31 iterations (1:9 min each) . he oo 
2 prints (1-5 min each) we SS) 
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(3.5) Study Times 


It has been found that a very approximate comparison of the 
overall times for similar studies on networks of different sizes is, 
given by the ratio of the number of busbars in each. 

The times quoted above should be considered in relation to 
the details of the computer given in Section 3.1. The computa- 
tion times for the same studies on a large high-speed computer 
using automatic programming techniques were reduced by 
factors of up to 50:1. After allowing for input and output, 
the overall reductions in study times are of the order of 15 : 1.' 
The relative installed costs of the low- and high-speed computers 
and a large modern network analyser, respectively, are of i 
order of 1: 7:5. 


(4) COMPARISON OF NETWORK ANALYSER AND 
DIGITAL PROCEDURE 


Since the need for and the scope of both methods of analysis. 
have been previously stated, it is not intended to make com- 
parisons between the merits of the methods but rather to compare 
the manner in which similar studies would be carried out using: 
either a network analyser or a digital computer. or this 
purpose Table 2 shows the corresponding steps of bow 
procedures. 

The checks referred to in the digital studies - procedure o! 
Table 2 are carried out only for the first studies after programme 


ee Oe eee ey re 


le, ao 


Network analyser 


Reduce to equivalent circuit 


form and prepare p.u. data 
Prepare plugging diagram and 
' unit settings 
Plug-up and check 


Set units and loads 
| Trial balances by operator to 


system engineer’s specification 
leading to optimum balance 


| Record results 
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aput, or if the programme has remained on the magnetic drum 
or some days since the last studies. 
joeans of test tapes containing data for a 4-busbar 4-branch 


The checks are made by 


Table 2 


COMPARISON OF NETWORK ANALYSER AND DIGITAL STUDY 
PROCEDURES 


Digital computer 


Load-flow study 


As for analyser 


Prepare coding diagram and 
data tapes 

Programme input and check 

Data input, formulation of Y 

Trial balances by computer to 
system engineer’s specification 
leading to optimum balance 

Final output and transcription 


Short-circuit study 


|) Set generator impedances and 


reset outputs, record internal 
voltages 


| Reduce analyser base voltage, 


apply fault and reset internal 
voltages 
Record results 


‘| Repeat previous 2 steps for 


Programme input and check, 
data input, formulation of Y’ 
computation of pgE 

Solution of the nodal equations 
with the fault restraint applied 


Output 
As for analyser 


another fault location 


‘system. The results of either a load-flow or short-circuit study, 
_as required, are subjected to a sum check after one iteration, the 
‘computer printing out the correctness or otherwise of both this 
|test and the results of a further test of the unused storage loca- 
‘tions up to the maximum capacity of a 16-busbar 32-branch 
system. The time taken is approximately 7min for both the 
load-flow and short-circuit study programmes. 

| The chief difference between the use of the two methods for 
load-flow studies is due to the different manner of specifying the 
\restraints, i.e. the balancing conditions. Whereas the greater 
accuracy of a digital solution is rightly considered to be of little 
importance in most studies, the fact that the digital method 
‘requires the reference busbar to supply all system losses means 
that, if all other inputs are equal, the generation at a reference 
_ busbar includes the net sum of the analyser errors and may often 
be quite different in the two solutions. The consequent voltage 
distribution in the digital method may thus vary appreciably in a 
Sensitive system according to the choice of reference busbar, 
even though the remaining system data agree with those for a 
network analyser solution of the same problem. These remarks 
_are illustrated in Fig. 3, which shows one analyser and two digital 
Solutions of essentially the same system problem, which is that 
used for the sample studies. 

Fig. 3(a) is the analyser solution achieved by modifying the 
generator reactive outputs to maintain certain selected voltage 
levels. (The results of this study provided the data shown in 
Table 1.) Fig. 3(6) shows the results of a digital study with 
ion ‘B’ as reference (Vy = 1) and other generation as for 
. 3(a). The resulting generation at station ‘B’ is 171 MW, 
*4MVAr compared with 179 MW, 32 MVAr in the analyser 

ice. The voltage level at the main load busbars in the 
of station ‘A’ is of the order of 1-4% higher in the digital 
ion. An unsuccessful attempt was made to obtain a digital 


} 
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solution with station ‘A’ as reference (Vp = 1) and other genera- 
tion as for the analyser study, the system being critically unstable 
owing to a lack of reactive power, indicated by a steadily 
decreasing voltage level with increasing error, e. Fig. 3(c) shows 
the results of one of several balances which could be obtained by 
increasing the reactive power generation at station ‘B’, where 
the input is 172-1 MW, 45-2MVAr in this case. This study 
corresponds exactly to the sample data of Table 1 and the com- 
puter output of Fig. 2. The resulting voltage level at the main 
loads is a closer approximation to the analyser balance than that 
of Fig. 3(5). 

These studies show the difficulties encountered in attempting 
to duplicate network-analyser balances, but it should be borne 
in mind that the chief aim of both types of analysis is to obtain 
comparative studies for different system conditions. The digital 
method appears highly suitable for such work, and the fact that 
its errors are not of a random nature but likely to be repeated in 
the same sense for successive studies may be considered to be an 
advantage in this respect. There is, however, undoubtedly a 
need to build up a background of experience in the use of the 
digital method with many types of system before general con- 
clusions can be drawn. 


(5S) CONVERGENCE AND ACCELERATION 


The criterion of convergence stated in Section 10.3 for the 
improved Gauss-Seidel process alone, i.e. as used for the 
solution of the short-circuit equations, appears to be satisfied by 
both sets of coefficients Yand Y’ for normal networks. Athough 
the corresponding criterion for the overall iterative process used 
during load flows is difficult to formulate, it would again appear 
that convergence is assured for all normal system conditions. 
The definitions of ‘normal’ as used in these senses are: a normal 
network is one in which there is no tendency to resonance between 
inductive and capacitive elements to cause appreciable reduction 
of the nodal self-admittances; and by normal system conditions 
is meant the specification of sufficient reactive power genera- 
tion to prevent the occurrence of voltage instability. 

In connection with the first definition it may be noted that the 
use of the method to solve the exact equations for the distribution 
of the harmonic voltages in a network with large shunt capaci- 
tances for p.f. correction revealed an expected tendency to a 
divergent solution at frequencies such that some diagonal 
terms were appreciably reduced even though resonance did not 
occur. 

An indication of the relative stability of the process is given 
by the curves of Fig. 5, which show the amounts of artificial 
acceleration that could be applied during the sample load-flow 
and short-circuit studies, respectively, in order to reduce the 
number of iterations required for convergence to a given 
tolerance. The curves show the effect of a factor A used to 
obtain an improved solution x by accelerating the differences 
between the results of an iteration x“"+ and the starting values 
x™, Thus x = Ax&mt+) — 4x) + x(™), where x = d for load 
flows and x = V for short-circuit studies. A = 1 corresponds 
to no acceleration, and the curves show reductions in the study 
time for values of A up to about 1-7 [Fig. 5(@] and 1-4 [Fig. 5()]. 
Further increases cause uncertain behaviour of the errors, leading 
to slower convergence, and large values of A create artificial 
instability. 

Experiments have been made with other methods of accelera- 
tion, e.g. variation of A during the process, different factors for 
real and imaginary parts, and delays before the application of 
the factors, but no significant improvement was obtained over the 
method described. If such iterative approaches are employed 
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Fig. 5.—Variation of accelerating factor A. 
(a) Load flow. 


(6) Short-circuit. 


for the solution of very large networks, further investigations 
concerning acceleration may be worth while, in particular the 
Aitken method,’ although in this case care may be necessary to 
delay its application to avoid the oscillation of the variables 
which tends to occur during the early stages. 

The rate of convergence for load flows is, to some extent, also 
affected by the choice of reference busbar. The fact that the 
latter either lags or leads most of the remaining busbars tends to 
create more uniform difference-voltage convergence patterns. It 
is suggested that, where possible, receiving-end busbars might be 
‘chosen as reference with standard accelerating factors of 1-6 for 
load flows and 1 -4 for short-circuit studies. These recommenda- 
tions may be subject to revision in the light of further experience. 

The curves of Fig. 6 indicate the variation of the accuracy of 
the results with convergence to diminishing tolerances’for the 
sample system. Tolerances of 0-0020p.u. for intermediate and 
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0-0002p.u. for final load-flow studies were considered accep 
able, although the busbar balance errors in the latter case 
be reduced by a factor of 2 if required by specifying a tolerance 
of 0-000 1 p.u. at the expense of approximately 8 more iterations, 
which occupy 20min. A tolerance of 0:0020p.u. was con- 
sidered acceptable for all short-circuit studies. 
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MAXIMUM BUSBAR BALANCE ERRORS, MW, MVAr 


0:002 0:0001 0:0005 00002 0:0001 
TOLERANCE, 7, pu. 
(a) ; 


001 0-005 


ERROR IN SHORT-CIRCUIT LEVEL, %o 


on 0-05 0-02 001 0005 0:002 0-001 
i TOLERANCE, 7,p.u. 
(D) 


Fig. 6.—Convergence. 
(a) Laad flow. 
(6) Short-circuit. 


(6) SOME PROGRAMME DETAILS | 
Fig. 7 is a schematic of the load-flow programme which show 


the sequence of the operations previously described. Tw 
programming devices of interest are: | 


(a) To avoid repetition of the time-consuming division subroutin 
which is the final operation for the solution of each differenc 
voltage, at each step of the iterative process, the diagonal coefficient ; 
Yxx are inverted outside the iterative loop to become Ya: 

(6) To avoid the use of a square-root subroutine, another relativel 
slow operation, the square of the convergence toler: , T2, is formet 
for comparison with the maximum of the square of the error quant’ 
ties, <2, since the latter must. be computed during the formation ¢ 
the modulus of a complex quantity. 


START 


DATA INPUT, SCALING, FORM. y 


SIGN OF (726? 


ACCELERATE 


HAS THE PERMISSIBLE 
INUMBER OF ITERATIONS 
BEEN REACHED? 


MAIN OUTPUT 


r INTERMEDIATE PRINT 


| 
a END 


Fig. 7.—Schematic of load-flow programme. 

| Care was taken to provide storage space for the complete 
(2 + I)th-order nodal coefficient matrix Y, even though the 
ieee row and column are not needed for load flows. This 
is necessary as Y is formulated by scanning the s and r branch 
‘numbers where By occurs. In fact, time would be wasted by the 
insertion of instructions to prevent the transfer of the admittance 
of branches connected to the reference busbar. 

| Fig. 8 is a schematic of the separate short-circuit study pro- 
gtamme in which it can be seen that the modification of the 
nodal coefficients for shunt branches and tapped transformers to 
give Y’ is carried out during their formulation. The diagonal 


' Table 3 
+ \ oh COMPUTER SCALING OF SYSTEM QUANTITIES 


Load-flow study Short-circuit study 


Ratio of 
quantities 
computer/system 


Permissible range 
of modulus — 
of system quantity 


Ratio of 
quantities 
computer/system 


10-1 
10-2 
10-2 
2-10 x 10-2 
10-2 
10-1 
10-1 
10-3 
210-4 


10-3 
10-1 
10-3 


0-1-5 
0-2-10 
0-50 

0-02-5 
0-10 


o 
Ai 
N 


1 
2 
Fe 
1 
0 


i 
nw 


or 
Br 


AN A UN 
xxe — 
iol Sakina 
i 

war 


=e 
oo 
amt 


1 * Loads and generation. 
. ae + Branch flows and net balances. 
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START 
DATA INPUT, SCALING, FORM y 
[FORM YF 
rans 


SET ALL V=O 


SET NODAL DRIVING FUNCTIONS=y,E 


SET k=O 


APPLY G-S PROCESS TO OBTAIN V, 
FAULTED ? 


— SET V,= 


IS B, THE LAST BUSBAR? 


iS By 


YES 
FORM ¢2@= |v (mt) —\ (rm) | 2 


2 
SIGN OF. (r2~€2 |.) 


ACCELERATE 


+,0 
FAULT INFEEDS, SHORT—CIRCUIT LEVEL 
STANDARD OUTPUT 


IS_ SPECIAL OUTPUT REQUIRED? 
ES FORM i 


. SPECIAL OUTPUT 
IS THIS THE LAST FAULT CASE? 


NO 
YES 


END 


NO 


Fig. 8.—Schematic of short-circuit study programme. 


coefficients Y;, are again inverted before the main solution, 
which differs from the load-flow process by the inclusion of the 
fault restraint. 

Table 3 shows the fixed scaling arrangements adopted for the 
system quantities within the computer for both programmes. 
The per-unit values punched are all scaled down by a common 
factor of 10 for convenience, and the computer scaling is auto- 
matically applied to each block of data either as it is taken in 
or during its formation. Scaling is determined by the maximum 
values of the quantities to be represented by computer numbers 
of less than 4, in conjunction with the requirement that a 
minimum number of scaling factors shall be associated with 
individual calculations during the programme. For example, 
the nodal equations for the load flow are (in p.u. form): 


Yd=I1 
which can also be written 
Yd I 
100 2 200 
This equation in scaled computer quantities from Table 3 is thus 
Yd, rT: I, 


Some points of particular note in Table 3 will now be 
considered. 
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Whereas a scaling of 0-1d per unit as used in the short-circuit 
programme is generally convenient, it is important to retain a 
maximum number of digits for the difference-voltage variables 
during load-flow studies to obtain accurate branch flows. Hence 
a scaling of 0:5d per unit is used for the load flows with corre- 
sponding scaling for the other quantities associated directly with 
the iterative process. This scaling actually permits maximum 
values of +1p.u. for both the real and imaginary parts of the 
difference voltages and is the optimum scaling to retain the 
maximum number of digits for d, while providing a sufficiently 
wide range of variation of busbar voltages and angles relative to 
reference for general studies. 

A minimum value of 0-1 p.u. impedance is fixed by the choice 
of the MVA base, hence the maximum value of 5. 

The admittance scaling permits a maximum nodal self-admit- 
tance coefficient of 50p.u., which is the equivalent of five mini- 
mum impedance branches connected to the same node. 
Modification of the diagonal coefficients for shunt branches to 
obtain the Y coefficients may slightly affect these considerations, 
although load and generator admittances are generally lower 
than branch values and susceptance generally reduces the mag- 
nitude of the reactive part. 

The unusual scaling factor associated with the inverse diagonal 
admittances, Y,;!, is due to the fact that binary shift instructions 
are incorporated in their formation and also in the evaluation 
of d, and hence powers of 2 can be conveniently incorporated. 

Two apparently different scalings are employed for power 
quantities during load flows, the factor of 5 x 10~3 for branch 
flows and power balances being the optimum arrangement to 
eliminate the use of separate factors in equations. The other 
factor of 10-4 is due to the fact that, after a net power input is 
evaluated for each busbar from the connected load and genera- 
tion, the most frequent use of this quantity is as the numerator 
of an expression for the determination of the nodal currents 
during the iterative loop and the available division subroutine 
performs the operation (x/2y). Thus a factor of 2 in the 
denominator makes the effective scaling the same as for the 
branch power quantities. 

The permissible maximum values of parameters are fixed in 
some cases by the values of the parameters themselves, e.g. z, 
and in other cases by certain restrictions in the subroutines in 
which they are used, e.g. ¢, 6. 

The s and r numbers associated with each branch are not 
scaled but are punched as integers for input and shifted by the 
programme into a digit position, where the result of arithmetic 
on them is immediately available as an address, e.g. for the 
purposes of eqns. (3). 

The present programmes allow only for in-phase transformer 
taps, and thus the Y’ matrix is symmetrical. (The Y matrix is 
inherently symmetrical owing to the iterative representation of 
both in-phase and quadrature taps.) Advantage is taken of the 
symmetry to reduce the storage required for the admittance 
coefficients which are stored as a triangular matrix, successive 
tracks corresponding to columns to facilitate the address system. 
This is preferred to the use of a serial storage system although 
the latter can be more economic. The overall storage utilized 
by the programmes to accommodate the largest systems, i.e. 
16 busbars, 32 branches, is divided as follows: 


Tracks 
Load flow Short-circuit 
Computer input and standard subroutines . 23 23 
Programme, including output subroutine .. 52 49 
System data .. en 2 12 
Working space including nodal coefficients. . 14 mT 19 
101 103 


. 
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a 
(7) CONCLUSIONS ‘ 


A method of digital network analysis has been presented whil 
should encourage the use of lower-speed digital computers fi 
the routine network analysis of small- to medium-sized system 
Such problems occur on a day-to-day basis in the field of pow 
systems engineering, in circumstances where the speed of solutic 
may not be important if access is available to computation 
facilities requiring little supervision. 

Ease of interpretation of intermediate and final study resul 
by means of planned output schemes such as those described 
considered to be of prime importance in the routine use of a1 
method of digital network analysis. 

Further developments in the application of digital compute 
in this field will undoubtedly be directed towards self-balancit 
programmes whereby: large high-speed computers may succes 
fully compete with analogue methods for many classes | 
problem. It is hoped that further experience in the use of tl 
method described will demonstrate its inherent flexibility to | 
such that it will prove suitable for use as a basis for suc 
programmes. 
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(10) APPENDICES 
‘\ (10.1) Network Equations 
The equations given in this Section refer to balanced networks 
‘ith no mutual coupling between branches and with nominal 


xed transformer ratios, the representation of tapped trans- 
ormers being considered in Section 10.2. 


I 

{0.1.1) Load-Flow Studies. 

| A section of a typical system network with constant current 
Durces is shown in Fig. 9(a). The nodal equations which 
present this section are 


Tea Vo 


| The general nodal equations for an (n + 1) busbar system 


a By, .. . By) are characterized by the matrix equation 
tt 


Yd=I (2) 


2 Y is an nth-order symmetrical matrix whose elements can be 
formulated by clearing the appropriate storage locations and 
scanning the branch data to perform the operations 


Me Yi + Va 
Fis ay Vs ay Yr (3) 
Vos = Voss + Ya 


imbers. 
The elements of the nodal current matrix J are related to the 


Vi = Vo + dy (4) 
Jee ae A ‘ 
le = ( aa =) 
Py PIign\* 
Tne = ee) (5) 


Tp, = — IV Dy 
Ty = Tyne + iy + Lox 
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_ Following the solution of eqn. (2) for the difference voltages d, 
the branch currents and flows are 


ig 3 yAd, =F d,) (6) 
ie Oe Vis 
sa Isa us 1D) 
Pra tia Vag 
The residual generation at the reference busbar is given by 
(Peo + Qeo) = (Pio + Qin) — IV G60 
-+ (branch power sent) — (branch power received) (8) 


The net busbar power balance is termed positive when the 
total power leaving the busbar exceeds the input, i.e. the net 
values correspond to the additional generation required at that 
point for balance: 


(P,, + JO, net = L(branch power sent) — X(branch power 
received) 


+(Pxe + JOx) = Pei + 104) — IV: (9) 
(10.1.2) Short-Circuit Studies. 


Fig. 10(a) shows the network section of Fig. 9(a) with the 
constant-current sources replaced partly by constant-voltage 


h O% + Vdd; — Ved, = Tj sources, E, behind generator admittances, y,, and partly by 

iq See (y+ y,\d;.= (1) | constant shunt impedances, y,. The nodal equations repre- 
Map Ts aT Vek Ake senting this section are 

at | 

il) Va + Ve + Yeo + Yno)Vo =VoVy —IVe = VooEo 

i 


—\pVj oF a a Yb te Vek a Vir Ve =a Vent 


The general equations for an (n + 1) busbar network using 
this method of representation are 


AGI, 


Y'V=y,E 


NEUTRAL 
(a) 


* NEUTRAL 
(8) 


Fig. 9.—Network definition for current sources. 


(a) Typical network section. 
(b) Typical busbar By. 
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(a) 


NEUTRAL 
(b) 


Fig. 10.—Network definition for voltage sources. 


(a) Typical network section. 
(6) Typical busbar By. 


The elements of the matrix Y’ are those of Y, after allowing 
for the reference busbar row and column, with the following 
modifications to the diagonal elements from Fig. 10(5): 


Vu = Ven t+ Vox + Yuk (12) 
Vk = Vor Vir 
Vek = Joby (13) 
ae Pix — JQ« 

J VP 


The driving voltages E are related to the pre-fault generated 
powers by 


| * 
E, = V+ a (ee ees ee 


(14) 
Vek ae 


Following the solution of eqn. (11) for a fault at busbar B,, 
ie. with the restraint V;= 0, the fault in-feeds are computed 
for each branch connected to Br, irrespective of the previously 
defined directions of branch flow. For example, for a branch 
connected between busbars B, and Be, 


ig = YaV 5 (15) 
The generator in-feed, if any, is 
ig = Ver Ey (16) 
The total fault current, i.e. the p.u. fault level, is 
i, = ig + U(branch infeeds) (17) 


(10.2) Representation of Tapped Transformers 


(10.2.1) In-Phase Taps. 


The analysis of multi-wound transformers can be facilitated 
_by their reduction to equivalent star-type circuits and the 
creation of artificial nodes, the representation of any resulting 
negative impedances presenting no difficulties in a digital 
method. The general problem of the representation of trans- 
formers with in-phase taps can therefore be reduced to! the case 
of a two-winding transformer with variable turns ratio. The 
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accepted equivalent circuit for such a transformer, as shown # 
Fig. 11(@) consists of a pure admittance in series with an idez 
auto-transformer, the latter on the side of the tapped winding 
The tap value, ¢ (per unit), may be positive or negative, but th 


(1+t):1 y ts 


(dD) 


Fig. 11.—Representation of in-phase transformer taps. 


(a) Equivalent circuit. 
(b) Injected current equivalent, 


standard convention adopted for digital analysis requires th 
busbar to which the tapped winding is connected to be th 
sending-end of the branch. 

The transformer equations from Fig. 11(a) are 


V,.=4+9)V’ 
: : (ii 
hs (loss ti, 
Hence i= vee V,. — yV, 
ee eee 3 | 
(1! 


, | 
iGo) ee 


The appropriate terms in a general set of nodal equations, ft 
which the tapped transformer of Fig. 11(a) is a branch, are 


y Eg 
PIV | 
V, | 

ae LAE ye ae 
‘Th Gare 


(10.2.1.1) Load-Flow Studies. 
If there is no tap the terms in eqn. (2) corresponding to tho 
in eqn. (20) can be obtained either by putting t = 0 in eqn. (2( 
or from first principles, : 
ae 

... yd, tyd,+...=1, 


(2 | 


It is convenient for load-flow purposes to rewrite eqn. (20) 
that the nodal coefficients are the same as for eqn. (21). T. 
consequent corrections are regarded as nodal current quantiti« 
I,, and J,,, to be injected at B, and B, in addition to J, and 
in order to simulate the effect of a tap in a branch which Ww 
previously a pure admittance. Thus the equivalent circuit | 
Fig. 11(a) is replaced by that of Fig. 11(5), for which 


wee al 
... — jd, + 9d, Hi eee ‘ 


. 
7 


I } t 
qpiere Ly = — tar” 
Stee (23) 
f wee t t+t 
Tis ag ae Le ata (+o +H s 


| These expressions are simplified by the definition of a para- 
~ eter u(t) associated with the transformer: 


t 
u(t) = ic, (24) 
hich gives Tp = —uyV, (25) 
Ig = — uyV, + u(Z2 — w)yV, 


| Thus the equivalent currents, J,, and J,,, can be determined 
om an existing approximation to the voltage distribution in the 
me manner as the other components of J in eqn. (5). 

| Expressions for the winding currents of a tapped transformer, 
@ and i,(t), have been derived from first principles in eqn. (19), 
jut it is again convenient for programme purposes to obtain 
xpressions for the corrections to be applied to i(0), given by 
qn. (6), if there is no tap. 


| Thus i,(t) = i) — uyV, } 


(26) 
i(t) = i(0) + uyV, — u(2 — w)yV,) 


| 
my 
|| Both winding currents are necessary for the correct evaluation 
of the branch power flows using eqn. (7), but only i, is printed 
‘as the branch current in the standard output scheme. 


, 


10.2.1.2) Short-Circuit Studies. 

The effects of taps in a separate short-circuit study pro- 
gramme can be allowed for directly in the formulation of Y’ 
using eqn. (20). Alternatively, they can be expressed in terms 
/of modifications to appropriate coefficients calculated according 
to eqn. (12): 

| { Y,(t) = Y,,(0) 

Y(t) = Y,,(0) + uy = 
Y;,(0) = Y,;,(0) — u(2 — u)y 


srt) (27) 


The most convenient method of evaluating the fault in-feeds 
for a transformer branch i’(f) is again to apply a correction to 
1@), given by eqn. (15). Making either V, or V, zero in 
‘eqn. (19) and remembering that the in-feed is i, in the former 
‘case and —i, in the latter, a common result is obtained: 


vO = (1 — wi'O 


(10.2.2) Quadrature Taps. 


An exact definition of a given quadrature tap is not generally 
available, so, for the purposes of this analysis, the effect of a 
positive quadrature tap of g per unit on the sending-end side of 
a phase-shifting transformer is defined as shown by the equiva- 
lent circuit and vector diagram of Fig. 12(a), in which an ideal 
Phase-shifting unit is in series with a pure admittance. The use 
of this convention together with the requirement that vector 
powers on both sides of the ideal unit shall be equal [eqn. (29)] 
leads to the transformation equations (30): 


(28) 


4 ; ) bogs lr (29) 
Ve= (1 +Jq)V’ 
ae (30) 
i, = (1 — jg)i; 
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The appropriate terms in a general set of nodal equations for 
which the phase-shifting transformer of Fig. 12(a) is a branch 
are thus 


- +, =I, 


y 
an Ee eye ea 
(ee 
(1 +J@) (32) 
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Fig. 12.—Representation of quadrature transformer taps. 


(a) Equivalent circuit. | 
(b) Injected current equivalent. 


The asymmetry of the nodal coefficients in eqns. (32), which 
is due to the non-reciprocal transformations (30), affects the 
logic of both standard programmes and also the storage require- 
ments of the short-circuit study programme but not the generality 
of the iterative approach. 


(10.2.2.1) Load-Flow Studies. 


Fig. 12(6) shows an equivalent circuit in which the effect of 
the quadrature tap is replaced by the injection of nodal currents, 
I,, and I,,, into a network whose nodal coefficients are inde- 
pendent of tapped transformers. Expressions for these currents, 


derived in the same way as for the in-phase tap case, are 


‘ (33) 
JQ q 

Mee —yV, + 4 

Seay yack, a) 8 

These expressions are simplified by the definition of a para- 
meter p(q) associated with a phase-shifting transformer. 


JQ 
rk SO ae ae (34) 
Tor = — pyV, } 
Ins = — P*YV, + P*DYV, | 
The corrections to be applied to branch flows in this case are 
i,q) = iO) — pyV, } 
i,q) = i) + p*yV, — p*pyV, 


Thus P@ = 


(35) 


(36) 
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(10.2.2.2) Short-Circuit Studies. 
The effects of quadrature taps on the coefficients Y’ are given 
directly by eqns. (33), or in terms of corrections as 


YQ) = Y,(0) 
Y,s(q) = Y;s(0) + py 
Y;(q) = Y;,(0) + p*y 
Y;s(q) = Y;.(0) — p*py 
The corrections to the fault in-feeds in this case depend on the 
defined direction of flow as 


iq) = (1 — p)i’) } 
is(q) = (1 — p*)i’O) 


(10.3) Improved Gauss-Seidel Method for the Solution of 
Linear Equations 

The feasibility of relaxation-type methods for the solution of 
linear equations depends on the presence of strong coefficients 
to which the behaviour of certain residuals can be related. In 
order that such methods can be conveniently programmed for 
use as general processes on an automatic digital computer these 
coefficients should occur in predictable locations, preferably as 
diagonal elements. The direct Gauss-Seidel iterative method!? 
uses the diagonal terms alone to obtain improved solutions from 
driving functions which are modified by the off-diagonal terms 
in each equation. 

In the improved Gauss-Seidel method a forward substitution 
process is used for the solution of a set of coefficients with a 
lower triangular coefficient matrix and driving functions modified 
by the existing approximations to the remaining upper off- 
diagonal terms in each equation. Thus, given the equations 


(37) 


(38) 


41X41 + a12X2 + Ge + QYnXp, = by 
AayXy 1 Ay9%o +... + aay ty = bg 

: (39) 
ni X14 se Bn2X2 aiashogstete GanXn = by 


[The discussion on the above paper will be found on page 398.] 


x(m+1) is obtained as a better solution than x by solving® 


ayy xi" t+) = bi | 
An XY") + anoxf FD ee | 
. . . (4 


Any XPD A aya xfP TD 4 +t danxi@ TD — by 
where 


bj = by — [ayax$? +. i ag” 


by = by — [ag3x$ . 2 A aayxf”] 


| 
b, = b, — [0] 
Convergence, i.e. agreement of successive solutions of x 


within a specified tolerance, is assured if A< 1, where A is al 
root of the equation 


ayA ay 
aA aA «+ Ay 


Gia Gah ee 


This criterion is more easily fulfilled and the rate of co 
vergence generally faster than the corresponding features of t) 
direct Gauss-Seidel process, because less information is neglect: 
in the evaluation of each improved variable. Although forwa 
substitution takes longer than the simple multiplication in t) 
direct process, no additional scaling difficulties are introduced, 


SUMMARY 


Programmes have been developed for carrying out power-system load 
tudies and transient stability studies on an automatic electronic digital 
tomputer. The methods employed are similar to those used at present 
yn network analysers, but improvements have been made where 
bossible. In the method of solving load studies, loads and generation 
represented by equivalent admittances to neutral, and nodal voltage 
quations are used. A control programme which automatically 
adjusts the reactive-power generation and transformer taps to keep the 
voltages within satisfactory limits has been developed. 

' A programme to carry out transient stability calculations for a 
{multi-machine system, using the standard step-by-step method, has 
‘ \been written, together with a programme to calculate the power- 
ation coefficients needed to compute the power transfer at the 
end of eachinterval. Significant generator characteristics like saliency, 
flux decrement, voltage-regulator action, damping and governor action, 
‘which are normally neglected in network-analyser studies, have been 
included in the programme. 

| It is shown that the use of computers is a highly efficient and econo- 


ee method for the solution of power-system problems. 


— 


=o 


| 
| 


LIST OF SYMBOLS 
Y = Admittance. 
144 S = P + jQ (to represent load or generation). 


onl P = Active power. 

O = Reactive power. (Magnetizing reactive power 
and active power flowing in the same direction 
4 are assumed to have different signs for all 


thy | mathematical work inside the computer, but 
Le the opposite sign convention is used for the 
i 4 input and output of data to conform to the 
normal practice of power-system engineers.) 


V = Voltage. 
1 Z = Impedance. 
J = Current. 


\ A, B, C, D = Control parameters. 
6 = Rotor angle. 
X, = Direct-axis transient reactance. 
X= Quadrature-axis synchronous reactance. 
Xj = Direct-axis synchronous reactance. 
V, = Voltage behind quadrature-axis synchronous 
reactance. 
V; = Voltage corresponding to field currents. 
V’' = Voltage behind transient reactance. 
Vz = Quadrature-axis component of V’. 
V,, = Driving voltage. 
By Z,,= Mesh impedances. 
: I, = Mesh currents. 
Any symbol in square brackets represents a matrix of that 
quantity, e.g. [Z] represents the impedance matrix of the system. 


eo (1) INTRODUCTION 


The paper presents some methods of using an electronic 
i" pel computer for the solution of problems in power-system 
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analysis of the types which are at present investigated by network 
analysers. Particular attention has been paid to the manner in 
which the established methods can be improved when a computer 
is used. An important feature of an automatic computer is its 
ability to make simple, logical decisions and thus work through 
a maze of alternative paths in a programme. ‘Thus, besides the 
improvement in the accuracy of representation of the system, 
the logical facilities afforded by a computer can do much of the 
work which is normally performed by the engineer operating the 
analyser, provided, of course, that it is given the necessary rules. 

Programmes have been written for power-system load studies 
and transient stability studies. It has been found that these can 
be carried out with as much efficiency and economy on a digital 
computer as on a network analyser, but further improvements 
are possible in methods of formulating the problems and con- 
trolling the solution. The programmes have been developed on 
the Pegasus I Computer (with a 7168-word store).! This is a 
medium-size computer, comparable in cost with a network 
analyser, but it can also be used for many other classes of work. 

Digital computers have now been in use for over ten years in 
power-system analysis. The earliest work was carried out by 
Jennings and Quinan,”? using ordinary business machines for 
solving the power-flow problems. Later Dunstan,?»> Hender- 
son,° Bennett,4>7 Ward and Hale,’ Brown and Tinney,? Glimn 
and Stagg!® and others have presented methods of solving 
power-system load studies. Johnson and Ward!! also used the 
computer for stability studies. They all laid great stress on 
methods of solution for a given set of conditions, rather than 
on the use of the computer to calculate an optimum condition. 
It is felt that digital computers will have a great capacity for 
automatic synthesis and optimization as well as analysis. As 
larger computers become available it is to be expected that more 
general methods will be developed for such problems as power- 
system design. 


(2) PROGRAMMES FOR POWER-SYSTEM ANALYSIS 


The paper describes three programmes which have been 
developed for problems of power-system analysis: 
(a) Power-system load studies. 
(b) Power-system transient stability studies—Part 1. Calculation 
of power equation coefficients. 


(c) Power-system transient stability studies—Part 2. Rotor-angle 
calculation. 


All these programmes have been tested on a variety of problems 
and an account of the experience gained is given in later Sections. 

The load-study programme is used to calculate the busbar 
voltages and transmission-circuit loadings resulting from a 
specified loading condition for a system. If these voltages are 
not satisfactory, the reactive-power generation at appropriate 
busbars or transformer tap settings are changed to bring the 
voltages within acceptable limits. The programme is so 
arranged that further studies on the same system for different 
loading conditions or changes to the network can be carried out 
automatically by the computer. 

The transient stability programme is used to compute, by the 
usual step-by-step method, the swing curves of the generators 
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following a disturbance in the system. This programme is 
divided into two parts; in Part 1, the power-equation coefficients 
and other necessary data for the machines in the system for each 
of the different switching conditions are calculated. These 
coefficients are required to calculate the power output of each 
machine from the rotor angles after every time interval. Part 2 
consists of the rotor-angle calculation by the step-by-step method. 
As in the load-studies programme, stress has been laid on fully 
automatic operation of the computer so that a series of studies 
can be carried out without any manual intervention. An 
elementary form of control programme has been developed 
which can be used to determine either the critical switching time 
for the system or its stability for a given sequence of fault and 
switching operations. 

Significant generator characteristics which are normally neg- 
lected in network-analyser studies have been included in the 
programme. Simple representation of saliency, flux decrement, 
voltage-regulator action, damping and governor action can all 
be taken into account. 


(3) REPRESENTATION OF PLANT 


(3.1) Generators and Loads 


One of the basic problems in the digital-computer solution is 
the best representation of the loads and generation in the system. 
For the purpose of the load study, the load at a busbar can be 
regarded as a sink consuming certain real and reactive power, 
and, similarly, a generator may be regarded as a source. Loads 
may thus be represented by a current flowing out of the busbar 
to the neutral of the system or as an admittance connected 
between the busbar and the neutral of the system. The r.m.s. 
current J or the admittance Y depends on the voltage V at the 
busbar and is given by the following equations: 


T=S|V* . 
¥ = si|V|? 


(1) 
(2) 


where V* is the complex conjugate of V, and S is the complex 
apparent power. 

On a network analyser a generator is usually represented as 
a voltage source behind an equivalent reactance. It can easily 
be shown that, so far as the rest of the system is concerned, this 
can be replaced by a current source across the same impedance, 
and this is more common when a digital computer is used. 
However, for load studies it is sufficient to represent a generator 
either by an equivalent current fed into the network or by an 
equivalent admittance. (This normally consists of negative 
resistance and reactance since S in the aboye equations is 
negative.) 

Admittances computed from eqn. (2) may be called ‘equivalent 
Joad and generator admittances’. 


(3.2) Transformer 


There is normally no difficulty in representing transformers 
with nominal ratios. As on a network analyser, they can be 
represented by an equivalent impedance. Special representation 
is required when the effect of tap settings has to be considered. 
A transformer with an off-nominal ratio can be represented by 
an ideal auto-transformer and an equivalent impedance arrange- 
ment as shown in Fig. l(a). The transformer is connected 
between busbars A and B, and Z is the equivalent impedance. 
The off-nominal ratio is represented by n in per-unit values. 
Thus a tapping of +5% corresponds to m = 1-05, and a tapping 
of —5% to n=0-95. Equivalent currents can be used to 
represent the effect of the tapping on the voltages and currents 
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Fig. 1.—Transformer representation. 


Alg = @ — 1) YI + 1)V4 — Va) 
Alg = (x — 1) ¥V4 


in the rest of the system, as shown in Fig. 1(6). Appendix 10.1) 
shows how these are calculated. | 

Another method of representation is by equivalent admittances | 
as shown in Fig. 1(c), and is similar to that suggested by Ward) 
and Hale. This is used for the power-equation coefficients 


programme as the tap setting is fixed. 


(4) NETWORK EQUATIONS 


(4.1) General Theory 


When a network analyser is used for the solution of a power-| 
system problem, a network model is set up for the purpose. 
For solution by a digital computer it is necessary to represent. 
the system analytically by formulating equations defining the 
problem and using appropriate methods to solve them. 

Equations defining the voltage/current relationship in a net- 
work, whether active or passive, can be written down easily to 
satisfy Kirchhoff’s laws. There are two main types of equations, 
namely mesh current and nodal voltage. The mesh current 
equations can generally be represented by the matrix equation 


LV,.J = [Z,] [7] (3) 

Similarly, nodal voltage equations can be represented by the 
matrix equation 

I]=[¥IIV] 2. Oy 

In eqn. (4) all driving voltages are replaced by the equivalent’ 


jjurrent sources. More detail about methods of formulating 
jnd solving the equations can be obtained from Reference 12. 
Nodal-voltage equations have four distinct advantages over 
joesh current equations: 
G) The number of equations, particularly in a large power system, 
P| is always less. 

(ii) Parallel branches can be treated separately without adding to 
thie number of equations. 

(ili) No difficulty is encountered in the formation of the admittance 
matrix, if cross-over branches are present. 

(iv) ‘Off-nominal turns ratios in transformers are more easily 
represented. 
‘Moreover, the solution gives the required voltages directly. 
Thus it has been found advisable to use nodal voltage equations. 
A particular feature of the present load-study programme is that 
equivalent admittances are used to represent loads and genera- 
‘jtion. This is discussed in the following Section. 


a is ath oi = “ 


yi, (4.2) Equivalent Admittance Method 


An approximate set of voltages is assumed at all the busbars 
in the system except one, called the ‘floating busbar’, where the 
voltage is specified and kept constant. The load and generation 
_at all the other busbars, with an assumed starting value for the 
| reactive loading of generators, are specified. 

A direct solution cannot be obtained, because, for accurate 
if representation of loads and generation, the voltages at all the 
| busbars should be known exactly, and thus an iterative method 
_ of solution becomes necessary. Load and generator admittances 
can be calculated using the assumed busbar voltages. If the 
i floating busbar is numbered zero and other busbars and junctions 
| are numbered consecutively from 1 to n, nodal-voltage equations 
| of the following type, taking the neutral as the reference busbar, 
| can be written down for every busbar in the system: 


i 
i 


h= YooVo + You" + a ee + Yom m oa eee + Yon, 

I, = YioVo + YiiY; aa eee + b hen) os = pie: s + YinV, 

; f 3 (5) 
ij) m=, -0Vo + Yn ay »+ ¥iamVin + +++ YnnVn 

I, = ¥ioVo EE: YY; eet Yon aie ap YnnVn J 


It is desired to solve these equations to obtain the voltages 
N; V,,...V, at the m busbars. As there are n + 1 equations, 
~ one of them i is ‘redundant and the equation at the floating busbar 
must be neglected since Jy is not known. Theterms i, h,... I, 
are all zero because there is no active source connected to any 
| junction, except the floating busbar, and as the voltage Vo at 
_ the floating busbar is known, it follows that the first column on 
the right-hand side of eqn. (5) consists of known quantities 
| which have the dimensions of current. These may be trans- 
ferred to the left-hand side, giving a total current source which 

may be defined as follows: 


i= 1, — 


where m takes all values from | to 7. 
Eqn. (5) can then be rearranged by introducing these new 
quantities as follows: 


(6) 


m0 Vo 


[ n 
=>) (7) 
. i 
_ which can be represented by the matrix equation 
[7'] = [YI] (8) 


& 
‘This equation can be solved to give a first approximation to 
e busbar voltages, which can be used to calculate the appro- 
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priate load and generator admittances. Further iterations can 
be carried out until the change in busbar voltages in two succes- 
sive cycles is less than an agreed limiting value. The set of 
voltages so obtained can then be assumed to be the solution to 
satisfy the specified loading conditions of the network. This 
would require a fresh inversion of the system matrix for each 
iteration. A better method, which is normally employed in this 
programme, is to modify the equivalent current matrix of eqn. (6) 
instead of the system admittance matrix, in the following manner: 
At any busbar, suppose the desired load is S$; then assuming 
an initial voltage V4, the admittance Y, is, from eqn. (2), 


ee SiiV ae 


If the voltage at the same busbar in a later cycle is found to be 
Vz, the admittance represents a load of 


Sp = Ya\Val* (9) 


Thus the admittance does not represent the load accurately, but 
if additional generation equal to the difference in load is intro- 
duced, the net load at the busbar will be correct. The error 
AS is given by 

AS=S— Sz . 


Hence an equivalent current source AJ can be introduced 
between the busbar and the neutral to represent A.S, and correct 


the load. Its value is 
AI= AS/V3 . (11) 


This can be added to the equivalent current source at the busbar 
as defined by eqn. (6). These corrected equivalent currents can 
then be used to obtain a new set of voltages and the process 
repeated as before. 

The programme for load studies has been developed using this 
method. A flow diagram of the programme and methods of 
use are described in the next Section. With a 7168-word store 
and no magnetic tape, the programme can handle systems with 
33 busbars and 120 lines. 


(10) 


(5) LOAD-STUDIES PROGRAMME 


The load-studies programme is divided into four parts: 
(a) Input programme. 
(6) Initial solution. 
(c) Control and adjustments. 
(d) Output programme. 

A flow diagram of the programme is shown in Fig. 2. Step 1 
corresponds to the input programme, while steps 2-9 correspond 
to the calculation of the initial solution. The same programme 
is repeated for later iterations. Steps 10-13 comprise the 
control programme, and step 15 indicates the output pro- 
gramme. The diagnostic programme is called in if a solution 
is not obtained. This programme prints information which is 
useful to the system engineer in finding out why the programme 
failed to function normally. 


(5.1) Input Programme 


The aim in writing the input programme has been to keep 
data preparation as simple and straightforward as possible. 
The data should be accepted in a form convenient to system 
engineers, preferably one in which it is generally available. The 
organization of the input data has been planned to meet these 
objectives as closely as possible. 

As a number of studies are normally required on the same 
system, the data have been divided into two groups—system 
data and problem data. System data comprise all the permanent 
parameters of the system. Problem data comprise those 
particular to each study. 
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series of studies to be carried out. For each problem the june. 
tions in the system have to be numbered. The junction numbers 


a Read system data 


b Read problem data are allocated to suit the convenience of the programme for each 
J series of studies; they do not necessarily correspond to the 
D Seine itor eri busbar numbers. The floating busbar is always numbered zero, 
BAA iaronts and all the other junctions are then numbered consecutively. 
, The following tables of data are then prepared and punched ona 
tape: 


a Load matrix (a) Connection table. 


(6) Table of load and generation. 

(c) Table of initial transformer tap settings. 
(d) Table of initial busbar voltages. 

(e) Table of control parameters. 

(f) Programme parameters. 


b System matrix 


c Inverse matrix 


<i "4 Modify currents The connection table defines the configuration of the network, 
y It consists of the line numbers, each followed by the junction 

5 [__Smetion votages | numbers connected by that line, and also the generator numbers, 

each followed by the junction number to which it is connected. 

1 The table of load and generation consists of the junction numbers 

6 Test voltage changes | followed by the load or generation in megawatts and reactive 


megavolt-amperes. Generated power is assumed to be positive. 


re | pi Although for mathematical calculation inside the computer 

7 Rowaradidance magnetizing reactive and active power flowing in same direction 
method? | have different signs, for the purposes of input and output 
yet eee they are given the same sign, This is to facilitate data 

| \ | preparation by power-system engineers. The table of control 

8 10 parameters is needed for the control and adjustment of 


Repeat by residual 
current method? 


Yes No 


9 E 
us Power correction 


generator reactive power and transformer tappings. It is 
discussed in greater detail in Section 5.3. The programme 
parameters consist of the total number of junctions in the 
system, the highest transformer number and, if any line outage 
is to be considered, the number of that line. The system-data 
tape together with the problem-data tape contain all the data 
- necessary to define the problem completely. For simplicity of 
: preparation and tape punching, almost all numbers are in an 

unscaled form. All the tables and sets of data are independent 
2 v of each other and may be put in any order on the tape. If some 
data are not specified the computer assumes an appropriate 
starting value, e.g. 1 + j0, for all unspecified junction voltages. 
Once the data tapes have been fed in, only short problem-data 


13 Ronet erations tapes specifying the changes in data from the previous study are 
counter required for later studies. Thus the computer can automatically 
carry out a series of studies from a single tape. 
v. 
ibs) 5 - 
(5.2) Initial Solution ; 


t The first operation to be carried out, after the data have been 


é | Diagnostic | Y read in, is to compute the equivalent network admittance matrix 
and the equivalent currents as defined in eqn. (6). The com- 


16 putations needed for this purpose are shown in Fig. 3. A 

m-representation of transmission lines is employed, and the 

: ot ; : connection table is used to compute the equivalent lumped shunt 
Maze eopnsingran tox load studies, susceptances at the junctions. In a network with no mutual 
Before commencing a series of studies, it is necessary to givea admittance between any of the branches, the connection table 
reference number to each line, cable, series reactor, transformer _ is also used to form the network admittance matrix. The mutual 
and generator. The system data comprise the following: inductance between a pair of lines can be represented by a Y- 


network, which introduces an extra node. The lumped sus- 
ceptances are added to the corresponding diagonal terms of 


Test voltages 


(i) Resistance, reactance, shunt susceptance and the maximum 
continuous thermal rating of each series element in the network. 


(ii) Equivalent impedance of each transformer with tappings. this matrix, which can then be reduced by eliminating the first 
: (iii) ei lower limits on the settings, and the tapping step row. The first column, negative, provides the equivalent current 
eneacn epmelmer sources, and the remainder is the equivalent network matrix, 


iv) Limits on real and reactive power output : : 
oy B put of each generator. The load and generator admittances are then computed using 


_ A system-data tape is prepared for a particular system giving the table of initial voltages. To obtain the load matrix, which 
the data for each element preceded by its serial number. A _ is diagonal, the sum of load and generation at each busbar is 
special input programme has been written to read this and store used. The load matrix so formed is added to the network matrix 
the data appropriately. ay to form the system matrix of step 3(b) in Fig. 2 This corre: 

A fresh problem-data tape has to be prepared for each study or sponds to the matrix [Y] in eqn. (8). The system matrix is 


‘shown in Fig. 1(5) are added vectorially to the corresponding 
terms of [J’]. If tappings were represented by equivalent 
- admittances, as in Fig. 1(c),a matrix inversion would be necessary 
_ whenever tap settings were changed. Iterations are carried out 

until the voltages converge to a solution or a predetermined 
number of cycles is exceeded. The control programme is then 
entered. 


(5.3) Control and Adjustment 


To enable the programme to be flexible, a count is kept on the 
number of iterations by each method. It is thus easy to carry 
out iterations by the equivalent admittance method, if desired, 
_ by. setting the limiting number of cycles for this process (step 7 
in Fig. 2) to be higher than unity, which is the usual condition. 
_ Similarly, the limiting number of cycles by the residual-current 
_ method (step 8) is also variable. 
_ A solution by the residual-current method is usually obtained 
_ within ten cycles, but it is possible that, if the system is badly 
_ conditioned or if the initial reactive-power generation specified 
is not appropriate, convergence may not be obtained. If an 
acceptable solution (step 6) is not obtained within the specified 
limit of cycles, usually 10 (step 8), the control programme is 
‘ entered. 
A detailed flow diagram of the control programme is shown 
q in Fig. 4, and comprises steps 10, 11, 12 and 13 of Fig. 2. This 
_ is discussed briefly below. For each junction in the system an 
upper and lower limit on voltage and a list of four, or less, 
mtrol parameters A, B, C and D are specified. These could 
either junction numbers at which it is possible to vary reactive 
er generation or a transformer at which a tap setting may 


GUPTA AND HUMPHREY DAVIES: DIGITAL COMPUTERS IN POWER SYSTEM ANALYSIS 387 
Entry 
. . 1 t 
Per-unit admittances J Hab Se! Sebel tate ahd. 
Out In 
2 : B 
Equivalent nodal shunt _____,| Select control parameters 
susceptances A (B, C, D) 
Soh eet Hae ie es, oT 
3 | A, modified previously ? | 
Admittance matrix for Wiese 
series elements me 
4 
Ban © Bg bv | 5 [ das AV | 
4 aaa a a a doll cas 
Network admittance matrix 6 ue 
\ @n— at limiting value? 
Yes | No 
5) ; ; 7 : | | 
Equivalent network matrix Qn—-1 + Aap practical? ‘ 
and currents 
No Yes 
Fig. 3.—Calculation of the equivalent matrix. | 
i Next control parameter A R 
I f , aoe : i An - 
| inverted and the inverse matrix [Z] multiplied by [J’] to give shige tee icine 
| the first approximation to the voltages as shown in eqn. (12): a | No —ve +ve 
[V]=[Z]7) . a 
er , ; ‘ : ; 1 : 
_ As indicated in Section 4.2 further iterations can be carried out 10 Exit to Tae Select Aa with 
_ by using this set of voltages to compute the load matrix again. programme greater modulus 
Since this involves a matrix inversion every cycle, it is a time- | 
consuming process and is used only occasionally. Normally } 
| the loads are corrected by the residual-current method by All junctions tested | 
computing the residual currents according to eqn. (11) and Y 
| adding them to [Z’]. This is shown in step 9 of the flow diagram. e Aca ee be Son De. 
Step 4 in the flow diagram includes the modification of [J’] to 13 
_ represent transformer tap settings. The equivalent currents as All junctions hawt ? aia ee 
No | 


Convergence 
obtained before 


Qn = An-1 + Aa 
or limiting value 


repeat 
calculation 


output 
programme 


Fig. 4.—Flow diagram of the control programme. 


G,—1 = Value at A at entry to control programme. 
a, = Value at A at exit from control programme, 
Aa, = Calculated change in the value at A. 
Aa, —; = Change made at A at the previous entry. 
AV = Desired change of voltage at busbar under test. 
Aano = peered change in value at A for busbars tested previously in the same 
cycle, 


be changed. The voltages at the busbars are tested, and if all 
the voltages are satisfactory and convergence had been obtained 
before entry, the output programme (step 15) is entered. 

If the voltage at any busbar, say junction 2, is outside the 
limits, the first of the control parameters is examined. An 
appropriate change, proportional to the change in voltage 
needed at junction 2, is then made at A to try to bring the 
voltage within limits. If changes had been made previously at A, 
these are taken into account. If it is found that the parameters 
at A are at a limiting value and no further change is possible, the 
same process is carried out using B, C and D in turn. 

It is possible that A may be the control parameter for more 
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than one busbar in the system. The change made is then 
determined by the conditions at the busbar whose voltage needs 
maximum adjustment. However, if it is found that, for two 
busbars, the changes needed at A are in different directions, 
diagnostic results (step 14) are printed, since contradictory 
changes indicate an error in specifying the control parameter. 
When all the busbars have been tested, iterations are restarted 
at step 9 to try to converge to a new solution. 

Experience with the programme showed that it was advisable 
to enter the control programme every iteration thereby checking 
the voltage levels and making appropriate adjustments to the 
system conditions. It was found that this accelerated con- 
vergence and avoided complete failure in some problems for 
which the conditions were critical and the initial assumptions 
were not sufficiently close. 


BUSBAR 1 
CYCLES 
is 
As 
3 \BUSBAR 13] 
« ie 
tu 
a 
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© 
zt 
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Fig. 5.—Convergence of voltage. 


The vertical broken lines indicate the instants when the control programme was 
called in to modify parameters. 


Fig. 5 shows the manner in which the voltage at three busbars 
in a 28-busbar system converged. The continuous lines show 
the results obtained when the control programme was entered 
only when convergence had been obtained. A solution to 
satisfy the initially specified loading and generation was obtained 
in five cycles. As the voltages were low, the control programme 
was used to make appropriate correction, and the final solution 
was obtained after 20 cycles. The broken lines show the results 
when the control programme was entered every cycle. This led 
to convergence within 10 cycles and gave a better solution. 

This programme provides great flexibility in the solution of 
problems. It is possible to control busbar voltages to within 
fine limits. No attempt has been made so far to accelerate 
convergence of the problem, and this does not appear. fo be 
necessary. The control programme will vary the reactive-power 
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generation if the initial loading was such as to cause instabilitys, 
If a solution is not obtained the results are usually printed at 
the last stage reached so that changes may be made in the input 
data which may help convergence. It should be noted that each’ 
cycle is a solution to the system, although not the desired one, 
and results may be printed after any cycle to indicate the’ 
behaviour of the system. | 
The above control programme attempts to adjust the reactive- 
power generation and transformer tappings to obtain voltages 
within satisfactory limits. However, in systems with very long 
transmission lines, the reactive-power flow may be critical and- 
it is possible that a solution to satisfy the initially specified 
reactive-power generation may not be obtained. It may then 
be found more advisable to try to get a solution with specified 
voltages at the generator busbars. A version of the programme 
has been written in which residual currents (calculated as shown 
in Appendix 10.2) are injected every iteration to correct the 
voltage magnitude and the power at the generator busbars and. 
the real and reactive power at the load busbars. The reactive- 
power generation is obtained from the solution and may be 
examined to see whether it is within acceptable limits. Changes. 
may be made in the specified voltages or other parameters, if 
necessary. h 
It has been found from experience on some problems that the 
choice of the floating busbar may affect convergence. The 
computer could change the floating busbar if convergence is 
not obtained, but this would require additional space in the 
computer store. | 
To make the most economic use of the computer, it is desirable 
that a series of studies should be carried out successively. It is 
easy to consider changes in loading conditions and others of 
similar type by modifying the generation and load data and 
carrying out further iterations by the residual-current method, 
without altering the system matrix. 


(5.4) Output 


Provision has been made in the programme for optional 
printing of the voltages obtained after any cycle by depressing 
one of the hand switches on the computer. This would indicate 
the progress of the problem but increase the computing time. To 
keep track of the changes in the control parameters, these are 
indicated whenever changed. 

When a satisfactory solution is obtained, the output pro- 
gramme is called in to print relevant results. The line flow is 
computed at both ends of each line and printed, and attention 
is drawn to any overloaded lines. This is followed by the 
results at the junctions, where the junction number, the voltage 
(in percentage), the angle (in degrees) and the net load or 
generation (in megawatts and reactive megavolt-amperes) are 
printed. The total net load, losses and net generation are also 
printed out. The final transformer tap settings are also printed. 

It is expected that this will provide all the information that is 
required, but any other information can be printed or deleted 
if so desired. It is possible to print the load flow on to a system 
diagram, but this would need more output time. 


(5.5) Example 


The data and results obtained from a study on a 28-busbar 
system are now given. A line diagram of the system is shown 
in Fig. 6. Table 1 gives the line parameters and a connection 
table for the system. Table 2 gives the initial loads and genera- 
tions, and a summary of the results obtained. The first solution 
was obtained after one cycle of the equivalent-admittance 
method and three cycles of the residual-current “method. At 
this stage the voltages were found to be too low, the reactive- 


re, 
i 


————— ll — 


2006 2000 


275 kV 


1’ Fig. 6.—System diagram. 
Ia / 
“Junction numbers are encircled, thus 


| ‘Lines are numbered 1 to 42, transormers (with tappings) 1000 to 1003, and 
generators 2000 to 2011. 

For convenience in specifying control parameters, for the computer study, trans- 
formers 1000 and 1001 (lines 41 and 42) were lumped together and replaced by an 
popevaieat transformer 1000 (line 41). 


‘power generation was altered and also tappings were reset. The 
final solution was obtained after six more cycles. 

‘The total time used by the computer for this study was about 
144min, which consisted roughly of input, computation and 
output as follows: 


Input of programme tape 2min 
Input of data tapes .. 1min 20sec 
. Computation .. 9min 

_ Output 2min 10sec 
Total .. . 14min 30sec 


The matrix inversion in the first cycle took ahout 44min and 
each iteration approximately 15sec. 
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Table 1 


Line DaTA 


Shunt Connection table 


Reactance susceptance 


Resistance 
from 


per unit 
0-0206 10 
0-0250 2S 
0-0235 7 
0-008 6 23 
0-0160 23 
0-002 1 24 
0-0205 
0-009 5 
0-008 2 
0-008 2 
0-005 8 
0-009 7 
0-0137 
0-012 

0-003 5 
0-006 

0-005 3 
0-005 3 
0-0102 
0-0102 
0-008 5 
0-008 

0-0049 
0-003 2 
0-0102 
0-0074 
0-008 3 


per unit 
0-095 

0:0285 
0-104 

0:0397 
0-0725 
0-009 6 
0-069 3 
0-0437 
0-038 

0-038 

0:0266 
0-045 2 
0-063 3 
0:-0547 
0-0161 
0-0067 
0-024 1 
0-0241 
0:0362 
0-0362 
0-0395 
0-0362 
0-0226 
0-0145 
0:0473 
0:0226 
0-038 

0-045 


per unit 
0:0343 
0-01035 
0-039 
0-0142 
0:0265 
0-003 4 
0-0252 
0:0159 
0-014 
0-014 
0-0097 
0:0165 
0-023 
0-02 
0-0059 
0-002 45 
0-008 8 
0-008 8 
0-017 
0-017 
0:0142 
0-013 1 
0-008 2 
0-005 3 
0-0171 
0-012 2 
0-0138 
0-00765 


WOWBAIDAWNBRWNHeH 


SOON DAYIOUNNNOH-RPAHRARWOWOWND 


Base MVA = 100. 


(6) TRANSIENT STABILITY STUDIES 


(6.1) Power-Equation Coefficients 


The power output of the mth machine, P,,,, in a system with x 
machines, is, as shown in Appendix 10.3, given by the following 
equation: 


n 
P= Xi Bmp sin(0;,) = &mp) (13) 
n= 
By, and &,,, are constants depending on the voltage behind the 
transient reactance of the generator and the network parameters, 
and are the power-equation coefficients to be calculated. 

The results of the load study are used as the initial conditions 
for this calculation. The loads are represented by constant 
equivalent admittances. Since the number of equations corre- 
sponds to the number of generators it is convenient to reduce 
the network matrix so that the equations related to the inactive 
busbars are eliminated. This corresponds to a partial inversion 
process and reduces the number of terms in eqn. (13). 

A flow diagram of this programme is shown in Fig. 7. The 
computation of the coefficients consists in the formation of the 
admittance matrix of the network, its reduction to active busbars 
and finally inversion of the reduced matrix. As nodal voltage 
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Table 2 equations are used, the voltage behind the transient reactance 
is replaced by an equivalent current source across the it 


TABLE OF LOADS, GENERATION AND VOLTAGES rene aioe ie econ eae Boga is given by 


{ 
i =, |Z, I, . yim he 
Junction No. Power Reace Rare Voltage Bmp | ™P | | I,,| | D | ( 


Specified Computed where Zip is the appropriate element of the inverse matrix an 


Im, Ip are equivalent currents, while «,,, is the negative of th 
complement of the angle of Zmp. 
Floating generation at fixed voltage These have to be calculated for the various network condition 
0 elis:6 teil — 16-9 : like prefault, faulted and fault cleared, etc. The data inpu 
GE Rion busbans programme is very similar to that for load studies. The systen 
197 6641 : data and problem data are fed in for the first condition. It i 
383 298-1 only required to change the relevant data for the other sets o1 
146 50:0 the same system. Different types of faults are represented b: 
220 111-5 connecting the fault point to the neutral through an equivalen 
32 20-0 s 
206 171-7 fault impedance. 
167 96:7 Unfortunately, owing to the restricted storage space, it is no 
36 PANOT possible to store the coefficients, and they are thus printed ou 
ee be after each set is calculated. They could also be stored o: 
283 170+1 magnetic tape. This output tape is suitable for direct input t 
the computer as data for the rotor-angle calculation. The tim 
taken to calculate and print out one set of coefficients for 
33-busbar system with 14 machines was 7 min. 


MW MVAr MVAr 


1 
2 
3 
4 
5 
6 
i 
8 
) 
0 
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199 
2 

oye (6.2) Rotor-Angle Calculation 


The flow diagram of this programme is shown in Fig. 8. It i 
self-explanatory and the method of calculation is well knowr 


| Read power equation coefficients 


Read other data 
| Select generator |- ———— 
Mo: 


IOOCHWSOOOKAKRARFUDYAAROMOWY 


Transformer tap settings = — 9% on the h.t. side, i.e. 0-91 per unit. 


Read data | 
| System matrix | 


Equivalent reduced matrix | 


| Inverse matrix | 


| Power equation coefficients 


| 
| Print | Further computation? | 
No Yes 


DEER RG nc eg 
y, 
Rant Next study _. 
Fig. 7.—Flow diagram for the programme to calculate power-fquation , ; 
coefficients. Fig. 8.—Flow diagram for the rotor-angle calculations. 
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: | Read initial data | 


2 
Aue Type of problem 

| a 
Ndi 
| 3 Be, | 
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Calculate initial 
conditions 


a 
h é | 
Rotor-angle calculations |}«~-——————_____, 
a 
a 
( 
! 


aa 8 | stable? 
Gin 
No YG 


€s 


9 | Final print 


iy ” Read further 
| data 


11 


Type of problem 
| b 


Initial 
conditions 


Fig. 9.—Flow diagram for a simple control programme for transient 
stability studies. 


Type of problem 
a. To calculate critical switching time. 
b. To calculate maximum power transfer. 


Increase 
switching time 


\ 


The power output of each generator is computed after each 
‘interval using the coefficients, and it is found that the step-by- 
| step calculation gives reasonably accurate results, since much 
shorter intervals than those used for analyser studies can be 
| employed. 

|. The control of this problem is much simpler than that of load 
| studies. The flow diagram of a simple control programme is 
shown in Fig. 9, and the programme can be used to determine 
the critical switching time or simply to test the stability of the 
| system for a particular fault and switching sequence. To test 
whether the system is stable, it is convenient to consider the 
totor angle of each machine relative to a chosen reference 
machine in the system. Then the system may usually be assumed 
to be stable if AQ, the relative angular velocity of each machine, 
changes sign. The calculations are carried out until stability of 
| the system is established or specified limits of angle, velocity or 
| time are exceeded, when the system is assumed to be unstable. 
To find the critical switching time, an initial value is specified 


| 
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(this may be zero) which is increased in steps until the system 
becomes unstable. The penultimate value may be assumed to 
be the critical switching time. 

Another aspect of system analysis is the investigation of 
methods of improving stability. Variation of parameters such 
as machine reactances, inertia constants, voltage-regulator or 
governor characteristics, etc., can be considered. In order 
to carry this out automatically on the computer the parameters 
will have to be specified and an order of priority in which they 
are to be varied indicated. It should be possible for the pro- 
gramme to be extended to consider all these and then to decide 
on the most efficient and economic system if the necessary cost 
data are available. The computer reads more data after each 
study, and changes in parameters may be made without 
difficulty. 

The normal output is to print either the absolute or the 
relative rotor angle at specified intervals, and these have to be 
plotted to indicate stability. As printing is a slow process in the 
computer, attempts have been made to reduce the output. 
Before considering this any further, it may be pointed out that 
another way of plotting the curves is to plot the values of A@ 
against 6 for every machine. These are called the ‘acceleration 
loci’ of the machines. The two types of curves for a single 
machine connected to an infinite busbar are shown in Figs. 10 


50 


ANGLE , DEG 


0-2 0-4 0-6 0-8 Lo 
TIME, SEC 


Fig. 10.—Swing curve for a single machine. 


CHANGE IN ANGLE, DEG 


Fig. 11.—Acceleration locus for a single:machine. 
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Fig. 12.—Five-machine stability study system diagram. 


and 11. It can be seen from Fig. 11 that the shape of the curve 


bh: 
may be approximately determined if the points A, B, C, D, E, F, 
etc., are known. These are the points at which A2@ or AQ 
changes sign. If this method is preferred, the computer can ae 


print the time, 6 and A@ every time A?@ or A@ changes sign. 
Again, it is more convenient to print the relative angles and 
their rates of change with respect to the reference machine. 
The computer can be used to print the swing curve directly but 
not to print acceleration loci. However, this could be done 
on a digital plotter. These forms of output may be used if it 
is desired to study in detail the behaviour of the machines, 
otherwise the computer need only print whether the system is 
stable or not for each particular condition. 

The programme can handle up to 24 machines, and the time 
taken for each study depends on the number of machines and 
the output required. It takes about 17sec to calculate 0 and A@ + 
per interval for a 14-machine study, and about 15sec to print 
them. 


vA 
p 


fe) 
CHANGE IN ANGLE, DEG 


nm 


Sb 


(6.3) Example 
Table 3 and Fig. 12 give the system data and initial conditions 


Fig. 13.—Five-machine stability study. Acceleration loci relative 


for a simple 5-machine problem. A stability study was carried to mache 
Machine 2. 
Table 3 8 Machined 


(c) Machine 0. 
(d) Machine 3, 


SYSTEM DATA FOR 5-MACHINE STABILITY STUDY 


out for a 3-phase fault on line 9 (near busbar 9) followed b 
Line number Resistance Reactance ee simultaneous openings of the circuit-breakers at both ends c 
the line after 0:125sec. The results relative to machine 4 ar 
per unit per unit plotted as acceleration loci in Fig. 13. 
1 0-018 0-159 0-478 
s Hee Eioae 3 256 (6.4) Representation of the Generator 
i eon ete we Provision has been made in the programme for the inclusio 
- 0-005 0-112 0 of significant generator characteristics which are normall 
7 0-015 0-132 0-592 neglected on network analysers. In order to get the schem 
8 0-003 0-052 0 into operation, these improvements have been introduced in th 
9 0-022 0-198 0-596 simplest form. They can be replaced without difficulty by mor 


accurate methods as and when the need arises arf the necessar: 
Base MVA, 200. 2 data are available. 


_Sub-routines have been included which provide for saliency, 
jflux decrement, positive-sequence damping, voltage-regulator 
action and governor action. The representation of flux decre- 
ent and damping is mainly based on the methods suggested 
iby Crary.!3 A brief review of these is given below. For sim- 
'plicity they are discussed in terms of a single machine connected 
to an infinite busbar. 


(6.4.1) Governor Action. 
A simple linear representation with a dead band as shown in 
Fig. 14 may be used. It is assumed that the governor does not 


Fig. 14.—Representation of governor action. 


act for slips between s; and s,. At other times the mechanical 
power input at the end of any time interval Ar is given by the 
‘equation 

i P,=P,_; + kAt 


(15) 


where , = Power at the end of the interval. 
Ny P,,_1 = Power at the start of the interval. 
k = k, or k, depending on the slip. 


_ This representation assumes a constant rate of opening or 
closing and neglects the effect of speed of the machine on the 
tate of governor response. A limiting value of the mechanical 
power input beyond which it cannot be increased is also specified. 


(6.4.2) Saliency, Flux Decrement and Voltage Regulator. 


Fig. 15 shows the vector diagram of a synchronous machine. 
This diagram and the notation are well known. The following 


Ty (Xg-Xq) Vi 


Vo 
3 1(Kq-X'a) 
& 


,OIRECT 
. AXIS 
‘ 


~ _ REFERENCE 
— AXIS 


Fig. 15.—Vector diagram of a synchronous machine. 
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equations can be written for a salient-pole machine connected 
to an infinite busbar with voltage V, and if @ is the rotor angle 
with respect to the infinite busbar 


Vi = {ll + (Xi =X) sin Ball 21102 


— [(Xj — X)V sin 6 + By)Zh2 (16) 
A ie ae Aad = hon 
gaiig FEB a iaohe Bw ae C7) 
From eqn. (16) 
Voge Vi — (XQ — XV sin 8 + By) N/Z12 (18) 


1—[(X, — Xp) sin By V/Z11 


In the above equations, Z,;, Z;7, etc., are the transfer impe- 
dances of the circuit including the value of X, for the machines 
and f1;, B12, etc., are the respective angles of these impedances. 

The value of V, before the fault can be obtained from the 
results of the load study. Eqn. (16) can then be solved to give 
the initial value of V;. 

The equation for the electrical torque, T,, of the machine is 
as follows: 


T, = (V2/Z1) sin wy, + (V,V/Z,2) sin (0 — a2) . (19) 


where «,; and a, are the complements of the angles 6,,; and 
By, respectively. Substituting Z,,;, Z,, «,, and a, corre- 
sponding to the network with fault, V, and 7, can be computed 
using eqns. (18) and (19), respectively. The usual step-by-step 
method can then be followed to compute @ at the end of the 
interval. If the field flux linkage is assumed to remain constant, 
V, can be recalculated using the same value of Vj, and the 
process is continued as before. 

The above representation thus allows for the saliency of the 


machine. To represent saturation, voltage-regulator action or 
flux decrement, a variation in V; is calculated as follows: 
AV, = [Fox mah V;)[tao|At (20) 
where V,,, = Per-unit exciter voltage. 
Tao = Direct-axis open-circuit field time-constant, 
sec. 


V, can be calculated from eqn. (17). Saturation is represented 
by calculating the voltage behind the Potier reactance and hence 
appropriately correcting V; from the open-circuit saturation 
characteristic of the generator. For simplicity, the voltage 
regulator is assumed to have an exponential response with a 
dead band, from which the variation in V,,. with time may be 
calculated. If it is to be ignored, V,,. may be assumed constant 
and equal to V; before the fault. Knowing V,, and V;, the 
change in field fiux linkage can easily be determined and AV; 
added algebraically to V; to give the value for the next interval. 
For greater accuracy, the values of V,,.and V; at the middle of 
the time interval should be used in eqn. (20). They can be 
obtained by extrapolation. 

In this way a simple representation of saliency, flux decrement, 
saturation and voltage-regulator action can be obtained. 


(6.4.3) Damping. 
The damping torque is proportional to the slip and can be 
defined by the equation 


(21) 


where 7, is the damping constant and s is the slip. The damping 
constant can further be shown to be 


Ty = asin? 6 + bcos? @ 


ae = Tys 


(22) 


\y 4 eet 
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where a and b are constants depending on machine parameters. machine terminals were considered. The fault was remov 
Usually, it is not necessary to consider the variation of T, with and the circuit-breakers were reclosed after a specified time. 


the rotor angle, and a constant value may be assumed. The slip Two studies were carried out, one with full-load power transfer 
can be expressed in terms of A@ and the damping torque cal- 


culated for each interval. a INFINITE BUS 


(6.5) Stability Studies with Improvement 
Results obtained from studies carried out on a single machine 


Z = Zjg= O+ j3-32 (O+j3:23)PER UNIT 


connected to an infinite busbar and on a 7-machine system are Mer eh Vn 0114 (-O°g haa 

given below to demonstrate the effect of these improvements. Vq= 182 (1-S1) PER UNIT 

(6.5.1) Single Machine System. Fig. 16.—Line diagram of system for single-machine stability study. 
The line diagram for the system is shown in Fig. 16. Table 4 sea apparent Pamea 100 DEY A , 

gives the data for the problem. Three-phase faults at the Bracketed values eetecaa bibs i 
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Fig. 17.—Single-machine transient stability study 1. 


(a) No improvement. 

(6) With flux decrement. 

(c) With governor action, damping and flux decrement. 
(d) With governor action and damping. 
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Fig. 18.—Single-machine transient stability study 2. 


(a) Slower governor action. a 
(6) Baster governor action. 
(c) Test results. 
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ie Fig. 19.—Seven-machine transient stability study (no improvements). Acceleration loci relative to machine 6. 
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Table 4 
DATA FOR SINGLE-MACHINE TRANSIENT STABILITY STUDY 


Generator rating 56:3 MVA, 45 MW, 0-8 power 
Be factor 

| Synchronous reactance Xq 164% on 56-3 MVA 

| Transient reactance Xj 17°4% on 56:3 MVA 

|. Inertia constant H 5°85 kWs/kVA 


| Open-circuit time-constant Tgp. . 9-9sec 

| Governor characteristics 

Y Dead band s1 0-001 

| 52 —0-001 

| Constant k; kgs a 0-2 

| ko as va 0-2 
Damping constant a5 


‘and the other at reduced load, each with a different switching 
time. In these studies saturation and voltage-regulator action 
‘were neglected, but the parameters for the other improvements 
were approximately correct. 

Fig. 17 shows the acceleration loci for a clearing time of 
_ 0-32sec for initial full-load power transfer. Fig. 18 shows the 
acceleration loci for the reduced load condition with switching 
at 0*68sec. With the initial representation of governor, damping 
' and flux decrement, the system is unstable, but if the rate of 
‘governor action is doubled, the machine slips a pole pair and is 
then pulled in. Actual results obtained on the field test from 
which data for these calculations were derived are given in 
_ curve (c). 


} (6.5.2) Seven-Machine System. 
‘Results obtained from studies on a 7-machine 132kV system 
. with a total loading of 100 MW following a double line-to-earth 
‘fault are indicated in Figs. 19 and 20. One end of the faulty 
line was cleared after 0:12sec and the other after another 
0:06sec. Fig. 19 indicates instability when the machine is 
‘represented by constant voltage behind the transient reactance 
and governor action is neglected. Fig. 20 indicates what happens 
: when the improved method of representation including voltage 
regulator and governor action is used. The changes are mainly 
ie 1\ 


due to the governor action, and the curves indicate the danger 
of the present high-speed governors acting in anti-phase to the 
requirements of the system and causing instability of the system 
after a disturbance. 


(7) CONCLUSIONS 


The main objective in undertaking the work which led to the 
development of the programmes described in the paper was to 
examine the suitability of existing digital computers for carrying 
out power-system studies of the types normally performed on 
network analysers. The authors believe that the work which 
has been done demonstrates that, once suitable programmes have 
been prepared, digital computers are more economical and 
efficient, and that various improvements can be made in the 
methods used. Similar conclusions have been reached from 
the programmes which have been developed in the United 
States. 

Special emphasis has been laid on the development of the 
logical control of the programmes so as to make the operation 
of the digital computer as automatic as possible and reduce the 
number of decisions required from the engineer. The load-study 
control programme has shown that programmes can be developed 
which can adjust conditions to make the system operate satis- 
factorily. Only simple methods have been used at present, 
owing to the restrictions imposed by storage capacity and speed. 

Although these programmes are being used successfully for 
the solution of the problems for which they are written, the 
authors do not regard them as more than prototypes. Many 
future improvements are possible in the methods of repre- 
sentation, analysis and control, and these can be introduced to 
meet the particular requirements of those who are concerned 
with the solution of these problems in practice. With larger 
computers, a more general mathematical formulation of the 
whole power-system problem to cover both steady-state and 
transient conditions simultaneously will lead to a more powerful 
general method which can be linked with economic loading 
and minimization of losses. 
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Fig. 20.—Seven-machine transient stability study (with improved generator representation). Acceleration loci relative to machine 6. 
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(10) APPENDICES 
(10.1) Representation of Transformers 


Special representation is required when the effect of trans- | 


former tappings has to be considered. If tappings are not 
considered and V, and Vz are the voltages at the two busbars 
A and B [see Fig. 1(a@) and (6)] the current J flowing in the 
transformer is given by the following equation: 


= (Va a Vp)Y . . . . . 
Y= 1/Z 


but with the tappings set at off-nominal ratio n, the actual 
current flowing through the transformer into busbar B is 


Tp = ("V4 — Vz)¥ 
The current flowing out at A is 


ly = n(nV4 — V_)Y 


(23) 


where 


(24) 


(25) 


Hence, to represent the effect of the tappings on the currents and | 


voltages in the rest of the system, additional currents —AJ, 
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jjand +AJZ, must be injected at A and B, so that the net currents 
|| flowing out at A and in at B are J, and Jp, respectively. Thus 


Al, =1,—1 (26) 
=—mnV 1, —Vy)Y¥ — (V4 — Va)¥ 
= (2— 1)Y[@ + 1), — Vs] (27) 
and Al, = Ip — 1 (28) 
EV V5) ¥ — (V4 — Vy)¥ 
=(n—1)¥YV, (29) 


Thus the additional currents introduced at A and B, together 
/ with the equivalent admittance included in the system admittance 
matrix, can be used to represent transformers with off-nominal 
' ratios for the load studies. 

_ These additional currents are calculated every cycle and added 
| to the residual currents at the respective busbars. Although 


Al, and AI, may not be correct for the first cycle, the final 
yoltages and currents will be correct to within the required 
accuracy as an iterative process is used for the solution. 


| (10.2) Calculation of Residual Currents 


|| The load study programme calculates the first approximation 
| to the voltage by computing and inverting the system admittance 
|| matrix. A current is injected to correct for the real and reactive 
| power loading at every load busbar. The following scheme is 
i) used at generator busbars to try to keep the voltage at a fixed 
| value and a predetermined power generation. 

| Suppose the voltage at a busbar after the mth cycle is V,, 
i and that a current [,_, was injected in the previous cycle, the 


| power, P,, represented by the admittance Y, as calculated by 
_ eqn. (2), is 

| Py = AY|V,|?) (30) 
r 

_ The current J, contributes 

I) P, = A, 1V) (31) 


| The total power P,,, represented by the admittance and the 
i), current J, 1, is 


g P, = Py + P;) = A(L|V |? + nV) (32) 
|, Therefore AP (the correction to power at the busbar) is 
AP=P=—P,. (33) 


q 
1} 
| where P = desired power at the busbar. 

__ Therefore a current AJ should be further injected at the busbar 
| to provide this additional power AP according to the following 
equations: 


| AP = &AI.V7) (34) 
or Ap = ALV, + Al,V, (35) 
where AT, + jAI, = AT (36) 
i\ Vy + JV _ = Vn (37) 
_ For any junction m, we have, from eqn. (2): 

|\ eee OZ eyo e Zr. (38) 


| where Z,,, to Z,,, constitute the mth row of inverse of [Y] [of 
| eqn. (8)}. 

| Ignoring the effect of changes at other busbars, a change in 
| voltage AV will be produced by this change in current AJ such 
_ that 
| pac: AV = AV, + jAV, = AlZiun 
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Therefore AV, + jAV, = (AI, + jAI,)(R + jX) (39) 
where Lj Ra ay Xe 
Therefore AV, = Al,R — AIX 

AV, = ALR + vie ee 


As this change in voltage is to be such that the final voltage 
has a magnitude |V|: 


[Vn + AV| = [P| 
lV, + iV, + AV, +jAV,| = |V| (41) 
or V2 AV Eo; CV AVEO Ve oe 2V AV AAV a IVA 
Neglecting AV? and AV? and noting that 
Vee Vea? 


or 


2V,AV, + 2V,AV, = |V|2 —|V,|2 = 8 (42) 
substituting for AV, and AV, from eqns. (40) 
2V,(AI,R — AI,X) + 2V,(AI,X + Al,R)=8 . (43) 
From eqn. (35) 
AP — ALV, 
a V, (44) 
substituting for AJ, in eqn. (43), and solving for AZ, 
Ay eAPO RESP, Ws 


q 2/V,|2. xX 


AI, can then be calculated using eqn. (44). AJ should then be 
added to I,_1 to give I,. It should be noted that the value of I’ 
used in eqn. (38) is the sum of 7, and the equivalent current 
source computed before the matrix inversion, using eqn. (6). 


(10.3) Derivation of Power-Equation Coefficients 


A method based on nodal voltage equations to calculate the 
power-equation coefficients has been developed so that the sub- 
routines written for the load-studies programme could be used. 
A voltage behind an impedance can be replaced by an equivalent 
current source across the same impedance, as shown in Fig. 21. 


NEUTRAL 


NEUTRAL 


Fig. 21.—Computer representation by equivalent current source. 
Pa VeY ae 


The power output, P, of the machine, if it is represented by the 
voltage V,, behind the reactance X,,,, is given by the following 
equation: 


P= &2AVEVy — Vin) ¥ ml (46) 
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where =X 

Thus P = 2(\V,|2¥%_ — VV Yn) (47) 
Now &(\V,|?.¥,,) is zero, as the equivalent impédance of the 


machine is assumed to be a pure reactance. In any case the 
resistance is negligible. Hence eqn. (47) may be rewritten as 


P= AV ove. x.) . (48) 

Again, as Y,, is a pure susceptance, 

Yn=r Ym 
and hence Pi Vey (49) 

= AInV im) (50) 
asd =| VA. 
Substituting for V, m in eqn. (50), 
P= ALE (Zailt hs ++ Zamna eee (51) 


Now if Zp = |Zmp| / Bmp and I, = |Jp| / Sp, ean. (51) can 


be reduced to 


P= x | Zin Eek | St (Opp! — Sian) (52) 
where py = Binp — 90°, Sno = Om — Sp 

Eqn. (52) gives “the power output of any one machine connected 
to the system. Similar equations are available for all the other 
machines. It must be noted that the rotor angle @ may be 
directly used instead of 6 in eqn. (52) as 6 = 8 — 90°. 


(10.4) List of Main Sub-Routines 


All the sub-routines operate on complex numbers unless 
otherwise mentioned. 


(10.4.1) General Sub-Routines. 

All the general sub-routines perform general mathematical 
functions and can be used for other programmes. The explana- 
tions, however, are given in terms of the programmes developed. 


N 1: Computation of admittance matrix.—Uses a connection 
table to form the admittance matrix of a network and store it 
as a lower triangular matrix. Scalar numbers only. 

N 2: Load and generator admittances.——Given tables of net 
load and generation and the voltages at the junctions, computes 
equivalent admittances. 

N 3: Matrix inversion part 1.—Matrix reduction. 

N 4: Matrix inversion part 2.—Back substitution. 
invert a symmetrical matrix. 

N 5: Matrix multiplication by vector.—Multiplies a rectangular 
matrix by a vector. 

N 6: Network reduction—Reduces the admittance matrix of a 
system with n busbars to give the admittance matrix of an 


Used to 


aAh=2 
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equivalent system with m busbars, eliminating the first (n — my) 
busbars. ,) 
(10.4.2) Load-Flow Sub-Routines. | 

The load-flow sub-routines, although general in nature, were . 
written particularly for the load-study programme and may not | 
find wide application to other problems. 

N 20: Formation of equivalent network matrix.—Reduces the | 
admittance matrix formed by N 1, by eliminating the first row | 
and first column to give the equivalent network matrix. | 

N 21: Residual currents—Computes the residual currents at 
the junctions to correct the load or generation. 

N 22: Transformer tap correction—Computes the equivalent 
currents to represent the effect of transformers with off-nominal 
ratios. 

N 23: Line outage-—Computes the equivalent currents to 
represent the effect of a line outage. | 

N 24: Power flow in lines —Computes the power flow in lines | 
given the line parameters, a connection table and a set of 
voltages at the junctions. 

N 25: Power at junctions—Computes the net load or genera- 
tion at the junctions. f 
N 26: Load study control—Used to vary the reactive-power 

generation at busbars and transformer tap settings to bring the 
voltages within limits. 


(10.4.3) Stability Sub-Routines. 
The stability sub-routines are used in i programmes for | 
transient stability calculations. 
N 30: Electrical power output.—Calculates the electrical power 
output of a generator using eqn. (13). 


N 31: Generator representation 

(a) Damping approximation.—Calculates the damping con- 
stant. 

(6) Flux decrement and saliency.—Used to consider the effect 
of flux decrement and saliency. 

(c) Voltage regulator—Used to consider the effect of voltage 
regulator. 

(d) Governor action.—Calculates the mechanical power. 

N 32: Rotor angle calculation—Calculates the rotor angle of | 
each machine. 


(10.4.4) Input and Output Sub-Routines. h 
Sub-routines N 40-N 43 are used for load studies, while N 44 | 
is used for the transient stability programme. 
N 40: System data input.—Reads and stores system data. 
N 41: Problem data input.—Reads and stores problem data. | 
N 42: Load studies output.—Prints the line flows, results at the | 
junctions, numbers of overloaded lines, transformer tap settings, | 
and total net load losses and generation. 
N 43: Print voltages.—Prints voltages at the end of every cycle. | 
N 44: Print rotor angle.—Prints the time, rotor angle, and | 
change in rotor angle after every interval. 


DISCUSSION ON THE ABOVE TWO PAPERS BEFORE THE SUPPLY SECTION, 18TH JANUARY, 1961 


Mr. J. G. Miles: The papers deal with techniques for using 
digital computers to carry out some processes of power-system 
analysis which in the past have been done almost wholly on 
network analysers—namely load flow, fault and transient 
stability studies. 

It is only four years since the publication of the first Institution 
paper on this subject, but in this period digital computation for 
such problems has become respectable, even if not yet a fully 
accepted alternative to network-analyser calculations. Progress 
in computation is fast, and since the present papers unavoidably 


describe work which was done some years ago there need be no 
surprise if the discussion includes mention of subsequent develop- 
ments and improvements. However, this work has undoubtedly 
prepared solid foundations for future progress. 
Since both papers approach the same end by different means 
it will be of interest to observe where they correspond, and | 
more particularly where they differ. Both describe programmes 
written for computers which, by present-day standards, aresmall, | 
and in both cases this factor has to some extent affected the form | 
of the programme. In particular, it led Mr. John to adopt the 


Gauss-Seidel iterative process as the basis of his load-flow 
programme, as opposed to the matrix inversion scheme used by 
Dr. Gupta and Prof. Humphrey Davies. Mr. John’s paper is 
a therefore naturally concerned to some extent with procedures 
J for artificially accelerating the convergence of this process, 
Whereas the other authors have given more attention to auto- 
‘matic control of various types. 
| Mr. John has hinted at the various factors which cause 
‘difficulty in obtaining digital solutions. We have now gained 
| seas experience in the use of programmes of this type, 
“and these factors are clearly recognizable. Not surprisingly, 
they can also cause difficulty in obtaining analyser balances. 
The first is any network arrangement which gives rise to low 
values of self-admittance at one or more nodes. This arises 
jparticularly on systems with large capacitance compensation, 
either series or shunt, and also on systems having very unequal 
line impedances. Under such conditions Gauss-Seidel pro- 
‘grammes may fail to converge, and the matrix inversion process 
may suffer from accuracy troubles. 
_The second factor is equally important. It is any system 
operating condition which approaches the region of voltage 
instability, whether this arises by design or incorrect specifica- 
tion of the reactive generation. Such a condition produces weak 
or negative convergence of the iterative process for constant 
‘power, whichever method is used for the solution of the network 
‘equations. 
Operating experience with both programmes shows that many 
systems in fact exhibit one or other of these factors. This leads 
Jone to consider the features which a fully general digital load- 
| flow programme should possess: 


(a) It must be able to deal adequately with small nodal self- 
|. admittances and with operating conditions near the voltage 
|. stability limits. This may require the use of a solution 
process different from either of those discussed in the papers. 

(6) It must deal rapidly with the introduction of small 
changes to an established balance, e.g. changes in generating 
| specifications, transformer taps, or line outages. Provision 
' should be made for some degree of self-balancing by the 
| automatic insertion of the first two of these. This is essential 
| to avoid difficulties arising from incorrect specification of 
reactive generation. 

' (c) If these programmes are to be used on large computers, 
and used efficiently, all possible variations in system arrange- 
ment should be programmed in advance and the computer 
allowed to select the optimum according to some given 
| criterion. We cannot any longer work on a piecemeal basis, 
as in present network-analyser procedure. 


I would be very interested to have the authors’ opinions on 
these suggestions, particularly since fast and reliable digital 
' computation would be an essential feature of any scheme for 
| automatic system control. 
Mr. D. G. Hawkins: The C.E.G.B. have had digital computers 
installed for over 24 years, including an IBM 709 computer for 
| the last six months. We have found that, when an engineer 
‘approaches a complex transmission problem, he asks, ‘Can we 
make a model to represent it?’ He then thinks of possibly a 
d.c. representation and, following that, an a.c. analyser. I 
‘would make a plea that the first thing we should do in digital 
work is to look at it in isolation from the network analyser. 
Too often we keep comparing the methods of using the network 
analyser with those of the digital computer, and also trying to 
Operate the latter in a similar way to the former. 

_ The first step in using a digital computer is to express the 

problem in the simplest possible terms. Usually we find that 
_ this is not done for one reason or another, mainly lack of time. 
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The initial time taken would be easily saved by one’s being able 
to use less skilled staff to carry out the subsequent work using 
digital-computing methods. 

Engineers tend to want their results immediately, but in most 
cases they will have to plan the work and possibly wait until the 
next day for the final results of network studies if the data have 
to be amended, particularly when using large and costly com- 
puters, and here I am thinking of the next generation of digital 
computers. We have had to face transmission design problems 
for a very long time, and I am sure that a delay of a few more 
hours would not make very much difference to their solution. 

Approximately 300 hours of transmission work are carried 
out in a year using a Deuce computer, and we are beginning to 
carry out transmission design work on the IBM 709 computer. 
We have found that it takes about 4min on the IBM 709 com- 
puter to solve an a.c. load flow of 50 busbars and 50 lines, and 
this includes a detailed print-out of the results. 

Mr. K. C. Parton: I believe that the general lack of the routine 
use of digital computers for power-system calculations in the 
United Kingdom is due not so much to the lack of suitable pro- 
grammes or computers, but mainly to the fact that up to now 
most organizations have been quite satisfied with the per- 
formance and results obtained from ordinary network analysers. 
Mr. John’s suggestions that only digital computers can tackle 
exacting networks needing low R/X ratios, phase-shifting trans- 
formers, etc., are in any case not correct if one has a large net- 
work analyser of the Blackburn type. 

However, a case is now becoming clear for carrying out 
certain types of power-system calculations on the digital com- 
puter, and thus the papers have great value. 

My own experience has been with a large Blackburn analyser, 
on which we have for interest repeated some studies using the 
programme prepared by Dr. Gupta and Prof. Humphrey Davies. 
In using this programme, however, we have found that con- 
vergence has often been difficult, and the choice of the floating 
busbar has been important. More investigation appears neces- 
sary on these points. 

There are several essential features that would appear to be 
necessary in computer programmes before they are likely to be 
used for all routine work. These are as follows: 


(a) Continual access by the system study engineer to the 
computer is vital. It is unlikely that any major network 
studies can be carried out unless the system designer can be 
personally present to keep modifying the programme input 
throughout the study. 

(b) Careful attention must be given to the organization of 
the programme so that an operator can easily scan given 
results and send in modified input instructions whenever he 
wishes. This aspect does not as yet appear to have received 
much attention, but is now becoming practical with computers 
capable of automatic ‘time-sharing’. 


The idea of a fully comprehensive programme that will always 
correctly solve a network automatically, even if it is an ill- 
conditioned network, does not seem to me to be either practical 
or advisable. 

Dr. P. D. Aylett: We must regard these as pioneering papers. 
The art is still in a very rapid state of development, and thus 
there are two ways of looking at the application of digital com- 
puters to power-network problems. First we can consider just 
how we stand at this moment in time, and secondly we can 
consider how things are likely to develop over the next few years. 
We are, in fact, in the midst of a revolution in methods of 
engineering computation and analysis, brought about by the 
development of high-speed automatic digital computers. 

We see from Mr. John’s paper that he had great difficulties 
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and has done a very good job with what is a very slow machine 
indeed. A machine now being constructed will, for example, 
execute an instruction 10000 times faster than the machine with 
which he had to work. This immense development must have a 
great influence on the way in which engineering problems are 
approached. The use of computers has already transformed 
design methods in many industries, and this is beginning to 
happen in the electricity supply industry. 

The papers show an interesting contrast in the two methods 
used for carrying out load-flow studies. We have been studying 
the relative merits of the two types of programme on a Pegasus 
computer. Where the problem is storage limited, the use of the 
purely iterative Gauss-Seidel method described by Mr. John is 
advantageous. It is possible to solve a 130-busbar problem on 
Pegasus computer using the Gauss-Seidel method compared 
with the 35 busbars possible for the matrix-inversion method. 
On the other hand, it is likely that convergence to a satisfactory 
solution will be more rapid with the matrix-inversion method. 
We have used the matrix-inversion programme extensively, and 
although we have had difficulties with convergence this has 
generally been with systems operating close to the stability limit. 
In these cases the selection of the slack busbar is important, and 
in order to give ourselves freedom in this respect, we are 
developing a method of distributing system active and reactive 
losses over a number of points. 

What is now wanted is to develop power-network optimiza- 
tion criteria. We require a network which transmits and 
distributes electricity with the best security level and minimum 
losses, at the lowest possible cost. These factors could be 
included in computer programmes in the future. 

Monsieur C. Marique (Belgium): I would like to make some 
remarks on what we have done in Belgium on the load-flow 
programmes. [ will not go into mathematical explanations since 
we use the Gauss-Seidel iteration process, but I will deal with 
the four main kinds of control which we have in the programme 
to obtain a good solution. First, the network is divided into 
zones, a zone being a set of busbars linked together by lines and 
linked with other zones exclusively by: transformers. Thus, in 
a zone, we have no transformer. In each zone there is one bus- 
bar at which the voltage must be kept within given limits to 
control the general level of voltages of that zone. Periodically, 
if the voltage of that particular busbar in each zone is not 
within the limits, the taps of the surrounding transformers are 
automatically changed. 

Secondly, the programme controls the flow of reactive power 
through the transformers between two zones. It can happen 
that a final solution is obtained with reactive power circulating 
between two or more transformers, and, of course, that solution 
is not acceptable. Thus, for all transformers linking two zones, 
the programme can correct the reactive power flowing through 
the transformers by altering the tappings. Thus we can arrange 
to have at will, the same power factor, or different ones, for all 
the transformers. 

The third kind of control maintains the voltage on any bus- 
bar at a particular value. This is done by correcting the reactive 
power of a nearby generator, or by tappings on a transformer. 
For each of the busbars, the corrections can be made at up to 
three points (generators and transformers) in a given order of 
preference. 

The last control concerns the slack busbar which takes up the 
losses. Regardless of the losses, its output (or input) can be 
kept within given limits by modifying, during the calculation, 
the output (active, reactive or both) of other chosen generators. 
In that manner the slack busbar can be chosen in the best way 
for the convergence of the problem. 2) 

Finally, I would like to mention the representation of trans- 
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formers. We use an equivalent circuit, with a series impedanc 
for the load losses and a shunt impedance for the no-load losses, } 
In most transformers the impedance changes appreciably with | 
the tapping. The programme takes this into account, provided | 
that the equivalent series impedance can be represented by a | 
simple equation (of second degree at the most) as a function of 
the variable ratio. ot 

Mr. D. G. Taylor: An interesting feature of the two papers is. 
that two well-known but quite different methods have been 
used for the load-flow problem. It has been suggested that the - 
so-called Gauss-Seidel method might be suitable for small com- | 
puters, and that, looking ahead, the matrix method might be 
more suitable for the large machines of the future. I find this © 
a little surprising. The storage requirements and the time per : 
iteration both increase with the number of busbars for the 
Gauss-Seidel method (assuming a fairly constant number of | 
lines per busbar) and with the square of the number of busbars | 
for the matrix method. The time for the matrix inversion, | 
which is a necessary part of the matrix method, varies approxi- 1 
mately with the cube of the number of busbars. Our experience | 
suggests that the Gauss-Seidel method is faster for systems with 
more than 20 or 30 busbars. 

In our Gauss-Seidel programme we have found it expedient 
to store the admittance coefficients in packed form, each | 
coefficient having an associated address. This reduces bout 1 
the storage required and the time per iteration. 

Fig. 5 of Mr. John’s paper shows the effect of accelerating 
factors on convergence. The problem of predetermining the 
optimum accelerating factor has received much attention during - 
the past few years in the context of the solution of partial | 
differential equations by relaxation methods. I am interested 
to learn of experiments using different factors for real and © 
imaginary parts. 

In Section 6 of the paper by Dr. Gupta and Prof. Humphrey | 
Davies a description is given of a method for deriving the B 
and « coefficients required for transient stability studies. It is 
the matrix-inversion operation (Fig. 7) which I find surprising, 
since it is usual to derive the coefficients directly from the | 
reduced admittance matrix. 

In transient-stability studies we have found it worth while to 
use a more sophisticated method for forward integration than | 
the conventional step-by-step method used on network analysers, 
particularly when dealing with induction motors when we would 
otherwise have had to use a very small step. In Section 6.4.2 
there is an analysis of a synchronous machine connected to an 
infinite busbar. It is not clear how this analysis was extended 
for the 7-machine problem described later. Was an iterative 
procedure used? 

Mr. T. W. Berrie: Much of the subjects of ‘conversion’ and | 
‘voltage stability’ can be summed up in ‘network conditioning’. 
Existing network analyser studies produce a well-conditioned 
network. One presents to existing digital programmes a well- 
conditioned network and the results are good. 

For a smail system, network-analyser simulators are probably 
the best device to use for transient-stability studies. For more 
than about six busbars one should use a digital solution for 
studies involving the usual simplifying assumptions. It is very 
dangerous to add parameters piecemeal to transient-stability 
studies. Experience shows that the turbo-alternator unit must 
be represented completely or the results are misleading. It will 
be many years before the digital computer takes over from the 
true analogue computer for complex transient-stability studies. 

I was surprised to read that the installed cost of a modern 
network analyser approaches that of a high-speed computer, 
since the former is probably the cheapest of all analytical 
equipment. 


| For the future we must tap the resources of the system design 
Jogineer and also take advantage of the logical nature of the 
jomputer. 

| Finally, since over 30% of our overall study time is at present 
_jaken up with the processing of power-system data, the pro- 
rammes of the future will make the computer process its own 


ata, tte it 2 eared from the main data store. 


jnore suitable to have separate analogue equipment for each 
"ype of problem. 
“These opinions are largely the result of investigating systems 
n which only the lines and loads are fixed and where the output 
t. generators can be specified only within wide limits. This 
_ neans, in effect, that on a network analyser all generator busbars 
‘san be assumed to be floating without appreciably adding to 
| whe work. In the example given in the paper by Mr. John, the 
pets Fs P, and Q, of two generators are fixed, leaving the third 
zenerator at the floating busbar to supply some power for the 
oads and all the network losses both real and reactive. No 
niin is made in the paper of a method of specifying the 
ene reactive output of all generators, 
e-allocating the losses. 
My criticism of the test problem is that, although it emphasizes 
‘minor errors in network analysers, it is not a typical problem 
‘since most networks have better symmetry. However, when the 
pproximate nature of the starting information is taken into 
“account, these small errors fade into insignificance. 
|| For comparison, the following times refer to a similar study 
on a 50c/s conjugate impedance analyser: 


or possibly 


Setting up and connecting: 40 min. 
Balancing: 15 min. 

_ Single-end reading: 10 min. 
Total: 65 min. 


The low-speed computer would take 141 min. For subsequent 
‘studies the respective times would be 15 and 100min. These 
times can be achieved on a machine costing about one-third of 
the price of the low-speed computer. 
| Mr. D. A. Newey: It is relevant to consider the application of 
the computer to other routine aspects of power-system analysis, 
‘apart from those dealt with in the papers. The following 
Jexamples show how a Mercury computer is being used in con- 
junction with a Blackburn analyser to make the most economical 
/use of both. 
- With both digital and analogue computations it is necessary 
to refer the system to a base value. A digital-computer pro- 
gramme has been written to deal with this routine calculation. 
_ The initial input data to the computer consists of line, load 
eed generator details. In the permanent data the impedances 
of several types of cables and lines are fedin. It is therefore only 
necessary to refer to the type of line and its length for the 
Ogramme to calculate its impedances and susceptance to the 
base. The line susceptances are combined at the nodes to give 
a 7 representation. The load admittances are calculated given 
any combination of data, i.e. active, reactive or apparent power, 
power factor, etc. Generators are dealt with similarly, the 
transient details being evaluated for stability studies. Fig. A 
shows the teleprinter print-out of the final system data. The 
| advantages of this method are as follows: 


(a) All the constants can be stored easily for use on the analyser 
of the digital computer. 
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(6) Irrespective of the person carrying out the study the data are 
in a standard form, which makes back-checking easier. 

(c) Time is saved since several man-days are usually spent in 
preparing data. This study data took 3 min computer time. 


Another tedious task is obtaining transient-stability swing 
curves by a step-by-step method. The present papers deal with 
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2 ee 000332 J 0261439 
2) Se. 060332 J 001439 
TSP NG 000972 J 120650 T 
BUS LOAD SUS. GEN e 
(PsU.. ADM I TIANCE.) 
I 02000 “0,000 Jo.000 —OeI40 OeI05 
02000 
I “Oc2eI4O0 OeI05 
02000 
3 ©2024 “02009 J0.000 
4 02088 0.048 Joe000 
5 ©c050 “0,015 JO.000 
DT = 0.025 
F 50 
BUS PeUe K PeU,. XD 
I Ile48 ©c000 16057 
I Ir0e48 ©2000 12057 
2043 Osi O07) (Oe 5.4.00nl 


Fig. A.—Teleprinter data print-out. 


a complete programme for this, but at present we are finding a 
combination of analyser and digital methods to be economical 
when, as is usual, stability studies follow power-flow studies. 
The initial data are obtained from these power flows on the 
analyser, and the impedance matrices for various circuit con- 
ditions are measured directly from the analyser. 

The Blackburn analyser with digital metering is ideally suited 
to these measurements, a 20 x 20 matrix being obtained in 
under three hours. The final total computer time for a 23- 
machine problem was 13 min. 

The organization of these programmes is being carefully 
watched in order that they can be married with programmes 
mentioned in the papers to give a complete digital-computer 
programme for carrying out power-system analysis whenever 
this becomes economical. 

Mr. M. D. Bakes: Before contemplating the extension of the 
present work to more comprehensive programmes, it is important 
to consider carefully whether to employ system-reduction tech- 
niques or to retain the basic network equations, and also whether 
to employ the Gauss-Seidel iterative scheme or to perform an 
explicit inversion. 

I have been Youéebied with the preparation of programmes 
for use in conjunction with a Blackburn network analyser, and 
owing to the use of certain matrix manipulations the explicit 
inversion of the basic network matrix appears to have a number 
of important advantages. 
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For example, in the paper by Dr. Gupta and Prof. Humphrey 
Davies, it appears that, in the calculation of power-equation 
coefficients, the process of system reduction followed by matrix 
inversion is repeated for each fault condition. This can be 
avoided if we omit the system reduction and invert the full 
system matrix for the pre-fault condition. 

If we call the pre-fault admittance matrix Y and the modified 
fault condition matrix Y’, we can write Y’ as 


Y= Y+4+wiI,: 


where u and v are single-column matrices used to define the 
system modification, and v? is the transpose of v. We can then 
find (Y)—! from 


(¥ + wT)! = Y-!—(¥-1y) G+ 0TY-!y)-1 (TY) 


As an example, suppose we have a single short-circuit on 
node j. 
Let a be the jth column of Y—!, y7 be the jth row of Y—1, 


and y;1 be the jth diagonal element of Y—!. Then it can be 
shown that 
ee ae Xj yy 
(Y Lys Wwe 
) ~ pt 


Since we already know Y—!, the only work involved in finding 
Y’—! is the matrix multiplication of a column matrix by a row 
matrix followed by the subtraction of this matrix product from 
Y—!, Any other type of fault can be dealt with using similar 
procedures, i.e. involving only column-by-row matrix multi- 
plication followed by matrix addition. 

The advantage of this scheme is that the computer only has 
to invert the network matrix once, and all subsequent fault 
conditions can easily be derived from this inverse. This means 
that the computer time is reduced by a factor of the order of N, 
where N is the number of fault conditions applied, and this 
results in significant reductions on large networks where several 
fault conditions are to be studied. 

Mr. A. Brameller: Operating experience with the load-flow 
programme described by Mr. John has shown that, whilst the 
method gives satisfactory results for many systems, in some cases 
slow or no convergence is obtained. We have therefore attempted 
to develop a more general method of solution. 

The first aim was to reduce the difficulties caused by systems 
having weak diagonal terms in the admittance matrix. The 
Gauss-Seidel process in the original programme was replaced by 
direct matrix inversion for both the load-flow and short-circuit 
studies. The computer storage required for the direct inversion 
programme is the same as that for the Gauss-Seidel process. 
Difficulties were still encountered with the load-flow programme 
for systems operating close to the voltage stability limit, and 
attention was therefore given to improving the method and 
carrying out iterative calculations maintaining constant voltage 
and power at specified busbars. 

In the original programme by Mr. John the basic single 
iterative calculation consists of the following: 


(a) Calculations of a set of nodal injected currents for specified 
active and reactive powers and a particular voltage distribution. 

¢ @ Calculation of a new set of voltages using the current obtained 

in (@). 

Modification to this procedure consisted in evaluating the 
voltage and the associated nodal current simultaneously. This 
method gives the fastest convergence yet obtained, and it has 
the added advantage that it enables generator outputs to be 
maintained as constant active and reactive power or constant 
voltage and active power without additional computation time. 

Table A illustrates the relative times of computation for the 
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Table A wv 
DicirAL LoAD FLow SOLUTIONS BY DIFFERENT METHODS }) 


Number of iterations 
Network characteristics 


Method (a) | Method (5) 


Method (¢) |) 


A. Normal .. af ae 70 17 11 
B. Weak diagonals 900 6 4 
C. Voltage sensitive .. Divergent 700 15 
D. Weak diagonals and vol- Divergent | Divergent 150 

tage sensitive 


various methods on four different networks. Systems A and B’ 
operate under normal conditions, system B exhibits weak 
diagonal terms in the admittance matrix, system C operates at} 
conditions approaching voltage instability, and system D com- 
bines the bad features of systems B and C. 

In each case the number of iterations required to obtain con-_ 
vergence to the same accuracy with the various methods is shown. 
Method (a) is the Gauss-Seidel process described by Mr. John. 
Method (6) has the direct inversion in place of the Gauss—Seidel 
process. Method (c) uses direct matrix inversion and solves for 
voltage and current simultaneously. In each case the time) 
required per iteration is more or less the same except for 
method (a), which is a little longer. 

Dr. J. R. Mortlock: During the discussion various claims) 
have been made with regard to load studies for systems involving)| 
varying numbers of nodes. With a Pegasus computer, which! 
costs about £50000, installed, with 28 or 30 nodes the time) 
taken for a solution is 900sec. Going up the scale, a Mercury) 
computer (installed cost of about £150000) will deal with) 
60 nodes and take 1000sec. This is about the same order of) 
time, but twice as many nodes are involved. With an IBM) 
computer, with a six-figure capital cost, 50 nodes can be dealt 
with in 60sec. Various figures, squares and cubes have been 
given for the time taken as a function of the number of nodes,’ 
and so for 60 nodes the time could be 100sec. Therefore, to 
double the number of nodes dealt with in the same time a com-) 
puter would cost three times as much. If we retain the same! 
number of nodes and reduce the time to one-tenth, the cost of | 
the computer could be increased by a factor of ten. In the! 
future we want to control a system by a computer. Let us take! 
a 50-node system and assume, quite simply, that each node has' 
only one interconnection, and that, with sources plus loads, | 
there are 100 circuits in all. We want to be sure that, if we lose | 
any one of these circuits, the operator knows about it, and is | 
warned that if he has an additional outage the system will be in | 
trouble. How long would it take for him to know? In our} 
assumed 50-node system, which is fairly small, there are 100 
circuits. We can assumed that it will take 100 min to scan the 
system on the IBM, for 100 studies. Thus, with a computer } 
having a six-figure capital cost, the operator would know after | 
about two hours whether the system was risky or not. Obviously 
we have a long way to go. 

Advanced system analysis was largely a closed book in this} 
country until about 12 years ago. Our approach on the digital | 
side may be conditioned quite materially by the fact that all our 
background is on a network-analyser basis. It may be better | 
to start again and approach the subject from a purely mathe-| 
matical angle, to see if we can reduce materially the time taken | 
to carry out a study. 

Mr. K. J. Eales: I do not claim to be an expert on this subject, 
but this does not mean that I am unable to make good use of 
a digital computer for power-system studies, since I recently 
proved to my own satisfaction that this device is a powerful tool 


ii the hands of an engineer who has had little or no experience 
/1 power-system, studies. With this method it is the computer 
‘hich does the actual detailed analysis of the system and not 
jae engineer. 

_| In Section 7 of the paper by Dr. Gupta and Prof. Humphrey 
)avies it is stated that with larger computers a more general 
jiathematical formulation of the whole power-system problem 
|) cover both steady-state and transient conditions simul- 
/aneously will lead to a more powerful general method. This 


\vhether a programme could be devised to cater for ‘steady-state 
tability’ and, if so, would they be able to obtain both the 
inherent stability limit’? and the ‘constant flux stability limit’ as 
 lefined by the same British Standard? 

|) Mr. H. I. J. Goldberg: With digital solutions, the actual time 
aken and the cost of doing the study both depend on the 
“somputer used and the coding or facilities of the programme. 
“or a Gauss-Seidel programme on Pegasus I we have had, for 
‘| 7-busbar system, a time per iteration of 3-4sec. This is the 


Mr. M. N. John (in reply): It would appear to be generally 
‘\ccepted that the eventual use of digital computers for routine 
yetwork analysis is now regarded as fact. The actual date of 
‘is happening is chiefly a question of economics, i.e. the present 
seneration of network analysers will, with some exceptions, be 
eplaced by digital computers or by the facility of hiring com- 
} uter time. In the latter case, the possibility of data transmission 
j in conjunction with large time-shared computers operating 
t relatively low per-unit costs will completely alter the future 
‘yerspective. 
|) Much of the discussion has been concerned with the important 
‘yuestion of the best means of using digital methods and how this 
‘\ffects the programmes to be developed. Mr. Miles feels that 
vhere is a case for a fully general load-fiow programme with all 
»ossible variations programmed in advance on the grounds of 
Piicioncy, whereas Mr. Parton sees the need for continual access 
oy the system engineer to be vital. My own feeling is that these 
jwo points of view are irreconcilable, and that a case clearly 
exists for two types of programme: 
| @ The most numerically efficient programme requiring 


least external interference for use on well-conditioned systems, 
| or for parameter surveys including the economic effects 
} 


' mentioned by Dr. Aylett. Such a programme would also 
| fulfil the requirements for automatic system control by a 
| digital computer. 

- (@) A programme which will perform in such a way and 
provide such information that the user, who can interrupt it 
if required, will obtain a maximum amount of information 
| for the investigation of new or difficult systems. 


A comparison between my paper and that of Dr. Gupta and 
rof. Humphrey Davies provides an example of two different 
pproaches to these diverse aims. Here, again, the advent of 
ime-shared computers in which interruption is not an undue 
nomic liability will modify future developments. 

I differ with the opinion that digital methods should always 
looked at in isolation from network-analyser methods, 
. y in the case of the second type of programme described 
above. By definition, the analyser is an analogy of the physical 
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same iteration time as that for the programme in the paper by 
Dr. Gupta and Prof. Humphrey Davies with the same system, 
while with the inverse matrix method additional time is required 
for inverting the matrix. 

For Sirius, which is a smaller and cheaper computer, the time 
per iteration was 12sec. Speed was sacrificed so that one could 
study a larger system on the computer. The size of the system 
which one can study depends not only on the computer, but 
on how the programme is coded. With the programme of 
Dr. Gupta and Prof. Humphrey Davies, on a Pegasus I, which 
has an 8000-word drum, and a re-entry facility, one can deal 
with 33 busbars. On Sirius, which has a 4000-word store, with 
a Gauss-Seidel programme and no re-entry facility, one can deal 
with up to 130 busbars. 

One of the advantages of the Gauss-Seidel system is the 
facility of linear acceleration factors, which can speed up the 
programme time by reducing the number of iterations. My 
experience with the small 7-busbar system was that, with no 
acceleration factor, it took 28 iterations to get a solution, but 
with the optimum acceleration factor, it took only 11 iterations. 
The acceleration factor varies with the system, and ultimately 
the computer should be able to compute automatically the 
optimum acceleration factor, thereby producing the quickest 
solution first time. 


7 THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSION 


system, and this so-called ‘network analyser approach’ is often 
no more than the user is required to think in system terms, 
which is surely a process to be encouraged. 

Mr. Parton correctly states that the Blackburn analyser has 
certain advantages in some of the types of study listed in the 
paper as difficult on the a.c. analyser. This does not, however, 
affect the case for the ease with which even a low-speed digital 
computer can carry out these and other studies involving sub- 
sidiary hand calculations. 

In reply to Mr. Marchand, first, there is no difficulty in an 
iterative programme in allowing the generator outputs to vary 
within prescribed limits or to incorporate any similar restraints. 
Secondly, it is stated in the paper not that the sample problem 
is typical but that it contains many typical system elements, and 
further that it provides pessimistic conditions for the conver- 
gence studies. It is only in the latter connection due to voltage 
sensitivity that the differences between the analyser and digital 
solutions are emphasized. 

The network-analyser cost in the comparison queried by 
Mr. Berrie was based on that of a comprehensive modern 
analyser of some 20 generator units fitted with simulator facilities 
for transient stability studies. 

In reply to Mr. Taylor on the use of different accelerating 
factors for the real and imaginary parts of the difference 
voltages, these experiments were not carried far. Since overall 
convergence was dictated by the more slowly convergent real 
parts, it was found that one could not exceed more than a critical 
value of the factor for these, and that different factors applied 
to the imaginary parts produced little overall reduction in the 
time to converge. The position might be altered for different 
systems. 

I am grateful to Mr. Brameller for the information on 
improvements to the Gauss-Seidel programme. In particular, 
the simultaneous evaluation of voltage and associated nodal 
current, as well as reducing the number of iterations and per- 
mitting the incorporation of prescribed generating schedules, 
would seem to assure a convergent solution except in cases of 
true system-voltage instability. This is a most significant 
effect. 
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Dr. P. P. Gupta and Prof. M. W. Humphrey Davies (in reply): 
It is very gratifying that the old controversy between network 
analysers and digital computers has not been brought up and 
there is wide agreement about the usefulness and advantages of 
computers. Although Mr. Marchand still feels that analogue 
devices are better, by the time a simulator was installed for every 
job, the cost would be prohibitive. 

Messrs. Berrie, Parton and Newey recommend the combined 
use of analysers and computers. In organizations where large 
network analysers are already installed, it is natural that the 
analyser will be used until such time as easy access is available to 
digital computers with programmes that represent an advance 
on past analyser techniques. Dr. Mortlock gives some inter- 
esting figures to illustrate the cost of using these methods. A 
sufficiently large computer can carry out all the work that an 
analyser can do and have much time available for other classes 
of work. If proper use is made of the computer we are con- 
vinced that it would be uneconomic for any organization to 
install an analyser. 

Mr. Berrie suggests that it is dangerous to add parameters 
piecemeal to transient studies and recommends the use of ana- 
logue computers. While analogue devices may still be useful for 
the design of the control system of individual units, we believe 
that, for the study of the transient behaviour of systems con- 
taining many units, more accurate methods can be developed for 
the digital computer. The present programmes are only a step 
towards more complex representation of the machine, but they 
may be used to investigate the effects of individual parameters, 
and this can be very useful in system analysis and design. 

We agree that all data processing should be carried out auto- 
matically. In this respect we are grateful to Mr. Newey, who 
indicates some of his procedures and their advantages. 

We are in full agreement with Mr. Miles about the aims of a 
digital-computer load-study programme. Our main objective 
even at this stage has been to develop a suitable control pro- 
gramme which can satisfy all his criteria. The latest control 
scheme in which initially specified values may be varied auto- 
matically helps the convergence even of ill-conditioned networks. 
We are grateful to Mr. Brameller for his comparative study of 
various methods, which shows the rapid convergence obtained 
by inverting the admittance matrix. 

We must disagree with Mr. Parton about his view of the needs 
of a load study on a computer. It will generally be uneconomic 
to try to treat the computer like an analyser and expect to have 
facilities for continuous access and manual intervention. The 
logical facilities of modern computers enable programmes to be 
developed which can make most of the engineering decisions. 
It is relatively easy to repeat a particular study if additional data 
are subsequently required. 

Convergence of the iterative process is an essential requisite, 
and ways to achieve this should be an important feature of the 
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control programme. The choice of floating busbar at presen 
does play rather an important part in this respect, but the com, 
puter may be made to select another junction automaticall}) 
without any difficulty. We are sorry that Mr. Parton did 4 
get satisfactory convergente on all his studies. Most of thé 
studies to which he refers gave solutions at the first attempt using! 
the old control programme. 

Another question which has been attracting attention is the 
choice of the methods. We feel that for larger and fasteil 
computers the matrix inversion method is more suitable. It has) 
been shown that it leads to convergence much earlier than the) 
Gauss-Seidel method. The matrix inversion has to be carried 
out once only. Methods are now available to alter the inverse 
matrix to represent changes in network conditions, thereby 
facilitating the study of different system conditions. We aré¢ 
grateful to Mr. Bakes for indicating one such method and hope! 
to incorporate it in our programmes at a later stage. 

One of the important features of the matrix method is thai| 
the number of iterations needed for convergence is independent 
of the size of the system. Thus although, as Mr. Taylor points 
out, the time for matrix inversion will be much longer, the total] 
time for a series of studies will be of the same order if not less 
for larger systems on larger computers. 

Mr. Taylor also questions the derivation of the B anda a 
coefficients required for transient-stability studies. The matrix 
inversion is necessary for the method adopted and enables the 
rotor angles to be used directly in the calculation without invol- 
ving any transformation of co-ordinates which may make the 
actual swing-curve calculation slower. We feel that this should 
be kept as fast as possible, even if the preliminary calculation 
takes slightly longer. 

We have found the step-by-step method fairly satisfactory and 
accurate. More sophisticated methods of forward integration 
can, of course, be used but they take up more time and space on 
the computer. The detailed analysis of the synchronous machine 
can easily be extended to a multi-machine system by solving 
simultaneous equations relating V; and V, for every interval, 
An iterative procedure is then unnecessary. 

Our statement that a general mathematical method is possiblé 
reflects our hopes for the future and only implies that then it will 
be possible to have one programme for all the system performance 
calculations. It does not mean that we have already a pro: 
gramme for stead-state stability. However, as Mr. Eales points 
out, the test of steady-state stability is the behaviour of the 
system with small changes. The present transient-stability pro- 
gramme may be used with slight modifications to study this, 
We also expect the answer to Mr. Eales’s last question to be ‘yes’, 

In conclusion we would emphasize the importance of the 
control programme, which should tend to make the studies 
automatic and enable systems of all types to be solved withoul 
any manual intervention at all. 


Although West Bengal claims to be the pioneer of hydro- 
‘electric generation in India, having started operation as early as 

897, | the overall development of water power in this truncated 
State, is not spectacular. Of the total power of 610MW 
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| ior hydro-electric power. 
| This is due to the comparatively high cost of developing the 
| water sites, and the great distances of the sources of water power 
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the enactment of the Electricity (Supply) Act, 1948, and the 
formation of an autonomous Electricity Board, no attempt had 
been made to develop the water-power resources on anything 
but a negligible scale. The two sources of power are now 
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Fig. 1.—The rivers of West Bengal. 


considered as complementary rather than competitive, and ways 
and means are being devised to harness cheaper water resources. 


The Rivers of West Bengal 


| and the proximity of the coal-fields to the load centres. Until For a proper appreciation of the value of the rivers in West 
i Bengal (Fig. 1) for hydro-electric generation, it is convenient to 
Dr. Datta is with the West Bengal State Electricity Board, Calcutta. classify them into the three following groups. 
Vov. 108, Part A. J 405 ] 14 
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Group 1.—In this group may be classed the rivers of the 
Gangetic plains, which have their sources in the distant moun- 
tains and flow for hundreds of miles before entering the plains 
of Bengal, maintaining a more or less perennial flow and 
navigable all the year round. The Ganges is the largest, drain- 
ing an average annual rainfall of 42in over a catchment area of 
397 500sq. miles and with a recorded discharge of about 
1000000 cusec. But the Gangetic plains being absolutely flat, 
the rivers in this region cannot be utilized for hydro-electric 
generation. 

In the lower deltaic region, however, there are a number of 
estuaries where the possibilities of obtaining power from the 
tides may be explored. But, even in this regard, a distinguished 
engineer has said, ‘Power by rise and fall of tide will always be 
alluring but disappointing’. Only four modern proposals to use 
the tides are known, but none of them has made much headway, 
and consequently tidal power is not being looked upon as a 
source of energy at present, at least in this country. 

Group 2.—This group consists of rivers such as the Sub- 
arnarekha and Cossye in Midnapore district; the Silai and 
Dwarkeswar in Bankura district; and the Damodar, Rupnarayan, 
Ajoy, Mayurakshi, Dwarka, Pagla, Brahmani, etc., in Birbhum 
and Murshidabad districts. They run more or less from 
west to east, each independent of the other, and have their 
sources in the Chotonagpur and Santhal Parganas hills. With 
the advent of the monsoon, lasting from June to September, 
the rivers bring in enormous volumes of water, at times causing 
destructive floods. They, however, dwindle to a mere trickle, 
sometimes even during the rainy season, and during the dry 
season there is practically no flow. 

The Damodar is typical of this type of river, its flow varying 
from 4cusec (March) in the dry season to 60 000 cusec or more 
in the monsoons, which frequently cause devastating floods 
resulting in great loss of life and property, one of the worst 
being that of 1943. The Ajoy, which lies further north, becomes 
completely dry in May but discharges over 12000cusec in 
August. 

It is, however, to be noted that the floods do not always 
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synchronize with the times when irrigation demand arises 
especially after the middle of September, when the rainfall is, 
hardly sufficient to meet the requirements of the paddy crop.’ 
Even in normal years, artificial irrigation is thus a necessity in’ 
these districts to ensure 4’ normal harvest. It is therefore 
apparent that, to meet even the irrigational needs of the area, 
storage is a necessity. But, owing to the flatness of the country, 
it is difficult to obtain suitable sites for storage dams within the 
boundaries of the State. Good sites are, however, selected in 
the upper valleys of the rivers lying within the hilly regions of 
Chotonagpur and Santhal Parganas, where, for storage of flood, 
waters from the rainfall of the catchment area, large reservoirs 
and dams have been built in connection with the Damodar and 
the Mayurakshi Projects. 

Group 3.—The rivers in this group, rising from the Himalayan 
region, bordering the north, for the most part, with Sikkim and 
Bhutan, flow into the districts of Jalpaiguri and Darjeeling. 
The Tista and all others which flow east of it, namely the 
Great Rangit, Torsa, Jaldhaka, Raidak and Gangadhar, belong 
in this group. Here the rainfall is heavy and the thickly wooded 
mountains retain much of the monsoon waters, so that con- 
siderable discharge can be obtained in the dry season also. 
These rivers have great potential for hydro-electric generation. 
Some of the larger ones, which are snow fed, give good discharge, 
during the summer, the flow being least during December and 
January. It is therefore possible to utilize this group for power 
generation without having to construct dams to form large 
reservoirs but based on minimum flow only. 


Damodar Valley Corporation Project (Group 2) 


The rainfall in the catchment area of the Damodar Valley 
feeds the Damodar, the Barakar and their tributaries, Konar 
and Bokaro. To harness these sources for flood control, eight 
storage dams were proposed. It was also realized that the 
control of the rivers would not only prevent the recurrence of 
devastating floods but would also provide for regular irrigation, 
navigation and production of hydro-electric power. 

The master plan prepared for the utilization of the water 
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Fig. 2.—Damodar Valley Corporation Project. 
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_ that available. 
| facilities of the D.V.C. are therefore being augmented. The 
| following thermal power projects are now well advanced, the 


resources of the Damodar River (Fig. 2) recommended installa- 


| tion of the following hydro-electric stations: 


Damodar River MW 
Aiyar 45 
Bermo .. 30 
Panchet Hill 40 

Barakar River 
Tilaiya .. Ae Pele ee 
Balpahari 20 
Maithon 60 

Other Tributaries of the Damodar 
Konar .. Sf eens) 
Bokaro .. oe m3 


‘Of the above, the Tilaiya, Maithon and Panchet Hill power 


stations have already been completed. 
The River Damodar and its tributaries being flashy in nature 


/ and the dry-period discharge very low, the combined firm 


capacity of the above hydro-electric stations is much less than 
the total installed capacity. A thermal power station at Bokaro 


) with an initial installed capacity of 150MW was therefore 


| designed and put into operation in 1953. 
The present demand for power is, however, far in excess of 
The generating capacity and transmission 


/ first two being already under trial: 


Two 75 MW units at Durgapur. 
One 75 MW unit as an extension to the Bokaro thermal station. 
Two 125 MW units at Chandrapura. 


In addition, there were proposals for the construction of a 
hydro-electric station at Konar dam with one 20MW reversible 
pump turbine unit, and the addition of one 40MW unit at 


| Panchet Hill, where the necessary provision for this addition 


exists. 
The D.V.C. power system has now become predominantly 
thermal, and thus it is advantageous to develop the hydro- 


| electric stations for operation at very low annual load factors, 
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thus making a large peak contribution. The incremental cost 
resulting from reduced load factor, i.e. increased amount of 
installed plant, larger conduit and transmission, is less than 
the capital cost of increasing the installed capacity of a thermal. 
station. Therefore, in this predominantly thermal system, it is 
preferable to develop water power at the lowest practical load 
factor at which the system can absorb energy. A further advan- 
tage due to increased installed capacity is that spillage has been 
considerably reduced at times of high run-off by operation of 
the plant for long periods, thereby economizing in the use of 
fuel in thermal stations. 


Jaldhaka Project (Group 3) 


Jaldhaka River, which has its origin in Sikkim from snow- 
bound altitudes of the order of 15000ft, makes its course via 
Bhutan to Bindu, where it is met by two major tributaries, 
Nichu and Bindu Khola. Thereafter it constitutes the 16-mile 
boundary between Bhutan and Bengal. It then enters the 
plains of North Bengal, where meets a number of tributaries, 
and joins the Brahmaputra in East Pakistan. 

The reach of the river between Bindu and Naksal has a fairly 
good gradient, 1 in 40 on the average, and a total drop of about 
800 ft. It is proposed to harness the river in steps in the existing 
river bed. The first step will utilize a head of 550ft between 
Bindu and Biru confluence with Jaldhaka, and the second stage, 
another drop of about 230ft to generate 54MW at 50% load 
factor (both stages combined and including seasonal generating 
capacity). In the third stage it is proposed to utilize another 
drop of 1300ft on the Nichu River, a tributary of the Jaldhaka 
forming the northern boundary of West Bengal with Bhutan. 
The power available at 50% load factor from this stage would 
be 23 MW. Fig. 3 exhibits this stagewise development. 

Hydrology and General Aspects of the Project.—The river, up 
to its confluence with Bindu Khola, drains a total area of 
172 sq. miles, of which about 150sq. miles falls within the terri- 
tory of Bhutan, and agreement has been reached with that 
country for utilization of its water resources. 
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The. flow-duration curve suggests that the minimum dis- 
charge period extends over hardly three months (from February 
to April) while during the rest of the year the discharge is 
much in excess of that in the dry period. A unique feature 
of the project lies in the fact that availability of excess 
water synchronizes with the seasonal load demand of the tea 
industries of the Dooars and Darjeeling area—one of the major 
industries that earn the bulk of the foreign exchange for the 
country—for it is rain that brings out the tea leaves and at the 
same time swells the river. Normally, it is very difficult to find 
a market for such seasonal supply and excess water of the 
streams runs to waste, but Jaldhaka is fortunate enough to 
have a ready market for this secondary power in the tea industries 
of North Bengal. Considering all these factors, Jaldhaka Pro- 
ject, Ist stage, has been designed to give a firm output of 18 MW 
at 50% load factor, provision being made for the same quantity 
of seasonal power generation. 

The Jaldhaka Project, Ist stage (Fig. 4), envisages the construc- 
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Fig. 4.—Jaldhaka Hydro-Electric Project. 


tion of a short diversion weir across the river below its confluence 
with Bindu Khola. The intake at the weir will divert water into 
a water-conductor system consisting of a reinforced-concrete duct 
and a two-and-a-half-mile tunnel terminating in a surge chamber, 
from which four steel-lined tunnels and afterwards steel pen- 
stocks run up to the power house located at an elevation of 
1364 ft on the river bed below Paren Hill. The tail-race water 
will be discharged into a channel. 

The power house will accommodate four turbo-alternator sets 
each having a rated capacity of 9 MW, generated at 11kV and 
stepped up to 66kV in the adjoining outdoor switchyard. The 
transmission lines will run to Jalpaiguri in the south, Darjeeling 

_In the west and Cooch-Behar in the east to supply electricity to 
the power-hungry areas of North Bengal. 


Other Prospective Projects of North Bengal 


In North Bengal, which has an area of about 2500sq. miles 
(6:5% of the entire area of West Bengal), the potential water- 
power resources have been estimated at 1300 MW (600 MW on 
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the border with Bhutan and Sikkim) at 50% load factor, the | 
basin-wise analysis of which is as follows: 


MW | 

Balasun Mahananda Basin 43-4 | 
Teesta (Great Ree Basin . 570-4 
Torsa Basin ts 400-0 
Jaldhaka Basin .. 150-5 
Raidhak Basin .. 162-1 
1336-4 


A hydro-electric survey of India currently carried out by the 
Central Water and Power Commission reveals that the technical 
potential of the country is of the order of 40000 MW at 60% 
load factor. 


Interconnected Operation of Power Supply Systems 


As most of the schemes to be implemented in North Bengal 
are run-of-the-river type, the generation capacity of individual 
stations has been designed on a minimum-discharge basis. The 
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discharge is well above the minimum for more than nine months 
in the year, and interconnection of some peaking station will 
increase the capacity considerably. Further, such interconnec- 
tion will enable utilization of off-season potential (occasional 
run-off during winter) which cannot be used when all the stations _ 
are designed as run-of-the-river developments. 

Particularly suitable for the regulation of greatly varying loads 
is the pumped-storage station. By the artificial creation of ioads, 
this can absorb excess power produced during off-peak periods 
to pump water from a low-level reservoir into a high-level one, 
from which it can be taken during the peak-load period to 
drive water-wheel generators, which in turn supply additional 
energy to the system when needed during the day. This 
involves not only storage but also an improvement in the 
economic aspect of power generation. It is hoped that such. 
pumped-storage installations will be developed to overcome 
the difficulties of having sufficient steam power to supplement 
the output of water-power stations during the periods of low 
flows. 


SUMMARY 

In the design of pilot-wire protection systems the pilot circuit is 
jasually considered to be either purely resistive or completely balanced 
oe able to transmit information simultaneously from end to end. 


Characteristics are given for long practical circuits showing that these 


‘position, and it is shown that the change in pilot-circuit input 
jadmittance due to remote-end voltage variation gives a reliable 
indication of design parameters. 

/A locus diagram is given for pilot-circuit admittance upon which 
‘the relay operating characteristics can be superimposed, giving com- 
plete design information for the protection scheme. By a change of 
axis this diagram can be redrawn in terms of power-system input 
currents to the relay system, showing the performance of the relays at 
both ends of the line. 

_/ Consideration is given to the design of practical protection schemes 
‘using the longest pilot circuits, which are treated as completely unsym- 
‘metrical networks. The effect of the non-linearities in the voltage- 
iting circuits is also considered. 

| A design technique is illustrated which enables the protective 
heme characteristics to be predicted and verified by simple tests. 
actical limits and limitations inherent in the use of rented telephone- 
{ circuits are discussed briefly, since these exert considerable 
‘influence on practical scheme design. 


LIST OF PRINCIPAL SYMBOLS 


Kr = Relay constant proportional to coil ampere-turns. 
i No = Effective number of turns on relay operating coil. 

j Nr = Effective number of turns on relay restraining coil. 
A, B,C, D = 4-terminal network parameters of pilot circuit. 
I4, Ip = Effective input currents to pilot-wire protection 
ee system. 
] ¢ = Angle between I, and Jp. 
|. Vs, Vr = Input voltages to pilot circuit. 
} K = Scalar ratio of input voltages to pilot circuit 
| = |Vs/V_l- 

6 = Angle between Vg and Vp. 

; i) 
oOo eae 
Is, Iz = Input currents to pilot circuit. 
l. y = Angle between Is and Ip. 


(1) INTRODUCTION 


The basic requirement of any unit protection scheme is that 
it must operate for all faults within the protected power circuit. 
‘Equally, it must remain inoperative both for healthy power- 
system conditions and for faults external to the protected circuit. 
\ In the protection of 3-phase circuits by pilot-wire differential 
systems the function of the pilot circuit is usually considered 
to be the simultaneous transmission of information from end to 
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end so that the relays can effect a continuous comparison of 
quantities derived at the two ends. Thus the pilot circuit has 
usually been represented by its resistance only. More recently, 
the distributed nature of long pilot circuits has become apparent, 
and the pilot circuit has been regarded as a correctly terminated 
infinitely long transmission line. Neither of these assumptions 
is found to be valid in practice. 

Historically, the evolution of protective systems for pilot-wire 
protection followed closely after the conventional time-graded 
systems and preceded by many years the introduction of distance 
and carrier-pilot systems. 

The original balanced-current and balanced-voltage arrange- 
ments of Merz and Price formed the essential basis of all pilot- 
wire differential systems and it soon became apparent that even 
the characteristics of the short pilot circuits then in use exerted 
considerable influence upon the performance of the protection. 
Particularly, it was found that the pilot capacitance currents 
which were present during through-fault conditions appeared in 
the relay-operating-coil circuits and seriously reduced the 
available discriminating margins. 

Early solutions involved the use of special pilot cable designed 
to eliminate these capacitance currents from the relay coil, but 
such measures were expensive and it was found that dis- 
crimination could be obtained by providing the relay circuit 
with a compensating (or replica) impedance, or a bias feature. 

The former comprised the provision of an impedance asso- 
ciated with the relay-operating-coil circuit connected to neu- 
tralize the relay-operating-coil current under through-fault con- 
ditions, whilst the latter ensured stability by providing the relay 
with a restraining force which increased (linearly or otherwise) 
as the system fault current increased. 

With modern schemes operating over electrically long pilot 
circuits, the use of both compensating impedance and bias 
feature is essential, and the paper demonstrates the comple- 
mentary nature of these measures. 

Hamilton! gives an excellent survey of modern practice in 
pilot-wire protection and deals fully with the historical and 
practical aspects of pilot-wire systems, as well as discussing most 
of the basic arrangements commercially available. This paper 
attempts to present a comprehensive theory embracing all these 
different arrangements so that a comparative assessment can be 
made. 


(2) BASIC PILOT-WIRE PROTECTION SCHEME 

Fig. 1 is a single-phase diagram showing the essential com- 
ponents of all pilot-wire differential protection equipments. 
These comprise main current transformers, summation network, 
relay and pilot wire. Each individual item must be designed 
correctly if a sound overall performance is to be obtained from 
the scheme, and also the characteristics of the various com- 
ponents must be mutually compatible. 


(2.1) Main Current Transformers 


The analysis of current-transformer performance under steady- 
state and transient conditions is well known.? For pilot-wire 
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Fig. 1.—Basic arrangement of pilot-wire differential-protection scheme. 
Conventions used in the analysis of overall performance are shown. 


systems these requirements are self-evident. Clearly, if the pilot- 
wire protection is to remain stable under through-fault con- 
ditions the current output from the three current transformers 
at end A (only one is shown) must closely resemble the output 
from those at end B. Where the current transformers at both 
ends are of different design, or where two sets at one end are 
required to balance with one set at the other, it follows that 
excessive saturation must not occur. Where the current trans- 
formers at both ends are reasonably similar some degree of 
saturation is permissible. Usually, minimum current-trans- 
former requirements for each type of scheme are determined by 
exhaustive testing on heavy-current test plant. In the following 
analysis current-transformer errors are ignored. 


(2.2) Summation Network 


The function of the summation network is to derive a single- 
phase voltage output from a 3-phase current input. This output 
must be available for all types of power-system fault condition 
and is usually provided by a summation transformer, although 
certain combinations of phase-sequence currents have been 
proved advantageous, particularly on resistance-earthed power 
systems.? The network may also provide a source-impedance 
conversion. 

For short pilot circuits the use of a linear current/current 
(high-impedance) source may be permissible if the current- 
transformer secondary voltage under fault conditions (given by 
the product of current and pilot-circuit impedance) does not 
reach a high value. With long high-impedance pilot circuits a 
current/voltage (low-impedance) source is essential, particularly 
on rented telephone circuits where the maximum permissible 
voltage applied to the pilot circuit is restricted by the lessor. 

Further, a typical protective scheme will be required to have 
a minimum setting current of approximately 20% current- 
transformer rating and must operate under fault conditions of 
up to 30 times the current-transformer rating, i.e. over a range 
of 150:1. Ifa linear voltage source were used with the maxi- 
mum pilot voltage coinciding with the maximum fault condition, 
the voltage available for relay operation at minimum setting 
would be 1/150th of this, requiring a highly sensitive relay 
element. Such a relay would probably be unduly sensitive to 
spurious pick-up, particularly under system fault conditions. 

The use of voltage-limiting devices permits a more robust 
relay element. Essentially, a voltage-limiting device comprises 
a non-linear resistor connected in parallel with the voltage source 
and the circuit is designed so that between 10 and 30% maximum 
voltage is available at setting. At high fault levels the action 
of the non-linear resistor holds the peak pilot voltage within 
limits. A typical arrangement is shown in Fig. 2. 

Such devices clearly tend to introduce a non-sinusoidal voltage 
waveform to the pilot circuit and should be associated with a 
simple filter circuit (usually of high capacitance) to reduce the 
higher harmonic components in the voltage waveform. Thus, 
for protection schemes used on long pilot circuits the summation 
network will comprise a summation transformer (or _phase- 
sequence network), a voltage limiting network and a filter 
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circuit. The output voltages from the summation networks at | 
the two ends may be connected in series or in opposition for the 


‘through-current’ condition. 


(2.3) Differential Relay 


The electrical circuit of the relay essentially consists of | 
operating coil(s) together with restraining coil(s) and a com- | 
pensating or replica impedance, though in any particular case | 
either of the last two features may be omitted. 

The relay effects a comparison of the applied quantities and | 
may be inherently responsive to either the amplitude or phase | 
angle of the applied signals. Equivalence between amplitude | 
and phase-angle comparator relays having two input quantities | 
has been shown,’ and the choice of relay element is thus arbitrary, 
provided that adequate sensitivity is obtainable. The following | 
analysis assumes that the comparator characteristics are linear, 
though this is not always the case. In general, a linear charac- | 
teristic will give a consistent and more predictable performance, | 
and this is of great advantage where long pilot circuits are used. | 
The use of a non-linear relay characteristic does not result in 
any improvement in overall performance. 


(2.4) Pilot Circuit 


For the general case, the pilot circuit must be assumed to | 
have distributed constants. It must therefore be represented in 
calculation in hyperbolic form or, more conveniently, by | 
A, B,C, D constants. 

Rented telephone-type circuits over long routes invariably | 
comprise various lengths of unloaded and loaded sections having | 
different conductor cross-sectional areas. The electrical charac- | 
teristics of such circuits are completely unsymmetrical and can | 
be determined only by test. Rented circuits are also subject to | 
limitations laid down by the lessor with regard to maximum 
applied voltages, insulation levels, security, etc. 


| 
| 
(3) POWER-SYSTEM PERFORMANCE REQUIREMENTS | 
The power system must be investigated under*€xtreme con-. 
ditions of internal and external faults to determine the essential 
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basis of discrimination, so that a satisfactory overall charac- 
| teristic can be embodied in the pilot-wire protective scheme. 


(3.1) Load and Power-Swing Conditions 


In considering the loci of relay currents for all possible 
‘healthy system conditions it is essential to include the shunt 
i admittance of the protected line. An analysis by Donaldson> 
ih plots the power-swing and load conditions on a current/phase- 
angle diagram on which the protective-relay characteristic can 
also be drawn. The locus diagram obtained shows that a simple 
| envelope can be derived to include the effect of all load and 
| power-swing conditions upon the currents in the protected line. 
It is shown that minimum relay settings are determined by 
feeder-capacitance currents under light-load and through-fault 
conditions. For a pilot-wire protection scheme this locus dia- 
| gram gives complete information of relay input quantities under 
healthy feeder conditions. 


et 


ip 


| (3.2) Internal Fault Conditions 


___A single relaying quantity is required at each end of the 
' protected feeder and the input currents for all three phases must 
| be combined to achieve this, using either a summation trans- 
| former or symmetrical component networks. Adamson and 
| Talkhan? have examined the outputs from these devices under 
| various conditions of single-shunt faults on a simple power 
| system, showing that the conventional summation transformer 
| is generally satisfactory for solidly earthed systems and that a 
| combination of positive- and negative-sequence currents is 
_ advantageous for resistance-earthed systems. 


(3.3) Protective-Scheme Performance 


From these investigations it is possible to list some of the 
‘desirable overall characteristics of a pilot-wire relay scheme: 


(a) The scheme should have a small stable zone embracing the 
through-fault condition, and a large tripping zone. In general, a 
stability angle of -+20-40° gives an ideal phase-comparison 
characteristic. 
| (6) Amplitude comparison of currents is desirable at levels corre- 
|” sponding to the maximum circuit load, particularly on resistance- 
| earthed systems. 

{ (c) The fault setting of the protection should be sufficiently high 
to prevent incorrect comparison due to capacitance currents of the 
protected feeder. 

(d) Summation transformers are generally satisfactory for solidly 
earthed systems, but the use of phase-sequence-current networks 
should be considered for resistance-earthed systems. 


OF PRESENTATION OF PILOT-WIRE PRO- 
TECTION CHARACTERISTICS 


(4.1) Conventional Characteristics 


In order to investigate the application of a pilot-wire pro- 
_ tective system it is essential to examine the characteristics of the 
scheme in terms of power-system currents and phase angles 
_ during fault conditions. The characteristics usually presented 
include: 

(a) Bias characteristic, taken with in-phase currents applied to 
the relays at each end, showing the magnitude of J4 with respect to 
Tg for relay A to trip. : ; 

(b) Phase-angle characteristic, showing the phase angle between 

’ I4 and Ip to cause tripping for different values of I4 equal to [p. 

(c) Acombined characteristic of (a) and (6) in polar form showing 

the locus of 14 / to cause tripping with J fixed.6 This requires a 
family of curves for various values of Ig to give a comprehensive 
_ characteristic. 


Typical characteristics are shown in Fig. 3. In addition, these 
characteristics must be taken individually for different pilot 
conditions, although an ideal relay will incorporate adjustments 
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Fig. 3.—Presentation of pilot-wire relay characteristics. 
(a) Bias characteristic (¢ = 0°). 
(b) Phase-angle characteristic (J4 = Iz). 
(c) Polar characteristic (Jz is constant). 
(d) Complex-current-ratio characteristic. 


Relay operates in the shaded area. 


so that a reasonably consistent characteristic is obtainable for 
all types of pilot-wire circuit. The characteristics are, in general, 
obtained from measured values taken on a particular relay/pilot- 
wire combination and are useful for application purposes. They 
do not give any indication of fundamental design considerations. 


(4.2) Complex-Current-Plane Presentation 


The complex-current-plane presentation’ is an extension of the 
polar-characteristic method, the protection characteristics being 
plotted in terms of J4/Ip, the complex ratio of the currents to 
be compared. This method has advantages where the ratio of 
the two currents is linear, and for this case a single diagram 
would replace a family of polar diagrams drawn for various 
values of Jz. The non-linearities resulting from the use of 
voltage-limiting networks give rise to a non-linear ratio, I4/Tp, 
so that for most practical purposes a family of curves is required 
for different values of Zz. This method of presentation then 
becomes identical with the polar method. 

At high current levels the voltage-limiting feature of the 
current/voltage network will render the relay insensitive to 
changes in magnitude of input current and the overall scheme 
will be sensitive merely to phase displacement between currents 
at each end, i.e. the scheme will have a phase-comparison 
characteristic. 

The performance diagram must include the effect of pilot- 
circuit parameters and the protection scheme must provide 
adjustment of relay characteristic so that the ideal characteristics 
can be achieved for all pilot-circuit constants within its capability 
range. ‘i 

(4.3) Fundamental Requirements 
The method of presentation of relay characteristics should 


fulfil the two functions of providing a design basis and of pro- 
viding sufficient information to enable the relay to be applied 
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correctly. With pilot-wire systems using long pilot circuits these 
two requirements are essential if the user is required to make 
correct adjustments at commissioning so that the optimum 
design characteristics are obtained. Inevitably, therefore, he 
must be familiar with presentation of design and application 
characteristics and the relationship between them. 

The overall characteristic in terms of primary-current values 
should be readily obtainable for any pilot circuit from a know- 
ledge of pilot-circuit constants (open- and short-circuit impe- 
dances) and relay parameters (coil turns, resistances, etc.), i.e. 
the relay and pilot circuit must be considered as a unit, so that 
protective-gear characteristics can be correlated with power- 
system performance. 

This is precisely attainable in any linear circuit, but since, with 
most high-resistance pilot-wire schemes, the current/voltage 
transformation is non-linear owing to the voltage-limiting net- 
work, it follows that an exhaustive overall presentation is 
impossible. The protection-scheme performance under both 
linear and full voltage-limiting conditions should be presented 
with reasonable accuracy. The non-linear transition between 
these conditions is of limited interest. 


(5) DESIGN BASIS OF PILOT-WIRE PROTECTION SYSTEMS 


Pilot-circuit constants must be considered in evaluating the 
performance of a pilot-wire protection scheme. The long pilot 
circuit must be represented by distributed-constant transmission- 
line theory. The concept of a homogeneous transmission line 
with correct terminations permits a simpler approach to the 
problem, but practical non-homogeneous circuits require a more 
generalized treatment. 


(5.1) Infinite-Length Pilot Circuit 


In an experimental system described by Neher® the pilot 
circuit is considered from the communication viewpoint, 
assuming a homogeneous line correctly terminated at each end 
in its characteristic impedance such that simultaneous end-to- 
end signal transmission may be carried out without interference; 
compensation is included in the relay circuit for signal attenua- 
tion and phase shift. Similar arrangements have been investi- 
gated in this country, though results have not been published. 
This approach permits a rigorous analysis by classical methods 
and has the advantage that the waveform of the applied pilot- 
circuit voltage need not be sinusoidal. 

In practice, however, the ‘infinite line’ is difficult to obtain. 
A practical rented circuit comprises a complex 4-terminal RLC 
network, the resistance and capacitance being its normal 
properties and the inductance being due to audio-frequency 
loading coils fitted in all trunk circuits to facilitate speech 
transmission. Impedance matching between different sections 
is rarely included, and in any case such devices are designed to 
deal with low-level audio-frequency signals rather than the trans- 
mission of power frequencies at a higher level where they may 
introduce non-linear effects. Arrangements are usually made to 
remove these devices from the pilot circuit. A protective scheme 
designed on the basis of infinite-line theory would be of limited 
practical application. 


(5.2) Unbalanced Pilot Circuit 


Most practical pilot circuits fall into the unbalanced category 
and the only feasible approach to design calculation is by 
rigorous 4-terminal-network theory assuming sinusoidal applied 
voltages. Using this approach, the relay and pilot circuit can be 
investigated for all conditions of voltage input to the, pilot 
circuit. The effect of the current/voltage characteristic of the 
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summation network can then be included to derive the overall 
characteristics of the scheme in terms of input currents. : 

Most pilot-protection schemes quickly reach the constant- 
pilot-voltage condition where Vs/Vp equals unity over a wide | 
range of [4/I,, so that the overall characteristic becomes inde- | 
pendent of current magnitudes. 


(5.3) Admittance-Plane Characteristics 


In deriving the fundamental characteristics of the relay and ~ 
pilot circuit the following procedure is proposed: 


(a) A generalized locus diagram of input admittance to the pilot | 
network is constructed for various values of the input-voltage ratio, | 
Vs/Vr, using measured pilot-circuit constants (open- and short- 
circuit impedances). 

(b) The relay equations are derived in terms of admittance | 
measurement and are superimposed on the input admittance 
diagram. This combined diagram then indicates the correct values 
for relay parameters (replica impedance and bias resistance). 

(c) Bias and phase-angle curves can readily be interpolated from | 
this diagram, and by a simple change of reference axis the admittance 
diagram becomes a complex-current-plane diagram. 


The relay performance over the actual pilot circuit can | 
thus be adequately calculated and the calculation confirmed by | 
a simple test. Overall characteristics for power-system appli- | 
cation can then be predicted. 


(5.4) Generalized Impedance and Admittance Diagrams for a | 
4-Terminal Network , 


In Fig. 1, keeping the current I, fixed and assuming that | 
an output voltage, Vs, is produced directly proportional to this | 
current, the corresponding voltage, Vp, at the remote end can | 
be considered to vary in phase and magnitude. As it does so, | 
the input current, J;, to the pilot circuit will vary, and it is | 
required to investigate the locus of this current to determine | 
the discriminating margin available between internal and | 
external fault conditions. A relay characteristic must then be | 
chosen such that the change in pilot-circuit current produced by | 
the primary-circuit currents under internal and external fault | 
conditions can be used to provide definite discrimination. I 

A locus diagram can be constructed (Section 12.1) showing | 
the input impedance or admittance at one end of the pilot circuit | 
for a voltage varying in phase and magnitude at the remote end. | 
On this diagram can also be plotted the relay characteristic | 
expressed in terms of impedance or admittance measurement. | 
The relay characteristic can then be adjusted to embrace the | 
actual phase and magnitude variations of the input from the | 
power system under healthy conditions. | 

The input-admittance locus diagram of Fig. 4(a) is plotted for | 
a typical practical pilot-wire circuit. The pilot-circuit constants | 
were measured using an RC bridge and gave the following values: 


Resistance Capacitance 
Q uF 
ZOCR 4600 1-32 
ZSCR 2500 0-326 
Zocs 4650 1-43 
ZsCS 2430 0-386 


D.C. resistance, 2750Q. 


The measured impedance for this bridge is with R and C 
connected in parallel. | 
These figures are typical of a 25-mile pilot circuit; this parti- | 
cular circuit has approximately 14 miles of unloaded conductor | 
at each end with the rest loaded for 7 miles at 88 mH per ma! | 4 
and for 15 miles at 44mH per 2000yd. 


as shown in Fig. 4(b). 


jB, MHOS 


co) 
2 


oO 


END R 


END S 


(b) 


Fig. 4.—Characteristics of typical 25-mile-long practical pilot circuit. 


(a) Input admittance diagram (end R) for all values of Vs/Vp = KZ 5: 
(6) Equivalent m-network at 50c/s. 


Ry 22:5kQ 
Cy 0:864uF Y;=(A — 1)/B 


R2 30:3kQ Y¥2=(0 — 1)/B 
Cz, 0:804uF 

R3 2330Q Y3 = 1/B 

L3; 3:03H 


Thus, B = 2330 + 7945 and 1/B = (3-69 —j1-5) x 10-*mho. 
Yscr = (4 +71-025) x 10-4mho. 
Yscs = (4:1 + 71°21) x 10-4mho. 
. The admittance locus, Ye, is given by Yp = (A — K LOB 


- [ean. (©] and Y¥p =[— K /8 G-69 —j1-5) + (4 + j1-025)] 


x 10-4 from eqn. (9). This is plotted in Fig. 4(a). 


(5.5) Voltage-Source Relay Characteristics on the Complex- 
Admittance Plane 


_ Schemes of protection for long pilot circuits using current/vol- 
tage transformation (low source impedance) are considered in 
this Section. 

A preliminary examination of the locus diagram of Fig. 4(a) 
reveals certain interesting features. Consider first the case of 


| the conventional opposed-voltage-protection scheme where, for 


normal healthy conditions, K = 1 and 6 = 0 (i.e. voltages at 


_/ both ends are in phase). The relay characteristic should embrace 


this point and, assuming that a stability angle of +30° for K = 1 
.is required, the ideal relay characteristic is that of a circle at 


| centre K = 1,5 = Opassing through the points K = 1,6 = + 30° 


i.e. radius ~ 1/(2B)]. For this case the relay must be inopera- 
tive for all conditions within its characteristic circle (Fig. 5). To 


| achieve this characteristic the relay must be provided with means 


to off-set the circle in a reactive direction, which entails the use 
of either a reactor or a capacitor for compensation, depending 


upon the type of circuit used. For the basic admittance relay 
1 oe \ 
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30° 


THROUGH FAULT 
0° 


330° 
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INTERNAL FAULT 


Fig. 5.—Opposed-voltage protection showing ideal relay characteristic 
superimposed on pilot input-admittance diagram. 
Relay operates in the shaded area. 


LOCUS Y/¢ 


=1 


jB 


1802 


330° 


IDEAL RELAY 
CHARACTERISTIC 


30° 
Fig. 6.—Series-voltage protection showing ideal relay characteristic 
obtainable using conventional voltage-bias relay. 


The larger circle shows the characteristic obtainable from a current-bias relay. 
Relays operate in the shaded area. 


PILOT 
CIRCUIT 


(a) 


(6) 


Fig. 7.—Available methods of pilot compensation. 


(a) Type of compensating circuit required for all values of pilot-circuit input 
admittance. A and B refer to the method of connection of compensating admittance 
shown in (5). Y f 

(b) Fundamental methods of pilot compensation. 

A Replica impedance, 
B Tuning impedance. 


the ideal compensation should provide a G + jB displacement 
of the relay characteristic; this can easily be achieved using an 
RC compensation to nullify the relay operating force under 
healthy conditions, as shown in Fig. 7(b), method A. The con- 
ventional pilot tuning reactor [Fig. 7(6), method B] can provide 
only a —G + jB compensation, which is not ideal as far as 
the local-end relay is concerned. It will be shown, however, 
that this method of compensation can approach the ideal for. 
the remote relay and can therefore provide an identical overall 
characteristic. The method of compensation for admittances in 
different quadrants is shown in Fig. 7. 

Modification of the connection to series voltage using the 
same relay connections merely changes the datum of 5 by 180° 
and the relay can be recompensated using an RL circuit (in this 
case) to nullify the relay operating force and thus shift the relay 
characteristic to the ideal position (Fig. 6). Method B in Fig. 7 


414 RUSHTON: THE FUNDAMENTAL CHARACTERISTICS OF PILOT-WIRE DIFFERENTIAL PROTECTION SYSTEMS 


gives only partial compensation, and negative resistance would 
again be required to give complete compensation for the local- 
end relay. 

The reversal of operating and bias coils gives the opposite 
relay characteristic, i.e. tripping inside the circle, which has 
obvious limitations if a +30° tripping angle is required over 
long pilot wires together with amplitude comparison of currents 
in the load-current region. This characteristic is given by the 
larger circle in Fig. 6. 

It should be noted that the series-voltage arrangement using 
standard connections would require almost an in-phase com- 
pensation for the pilot circuit shown in Fig. 4. This illustrates 
the reason for the success of plain resistance compensation used 
on certain series-voltage schemes. Generally speaking, resistance 
compensation is usable where an unsymmetrical stability angle 
is permissible. There are undoubtedly cases, however, where 
such an approximate phase-angle compensation will give quite 
unsatisfactory results. 


(5.6) Relationship between Complex-Current (Polar) and 
Admittance-Plane Characteristics 


A typical admittance-plane characteristic is shown in Fig. 8(a) 
with the admittance circle drawn for K = 1 and the ideal relay 


K=1 CIRCLE 


Fig. 8.—Derivation of complex-current-plane (polar) characteristics 
from admittance-plane diagram. 


(a) Transition from Y-plane to Vs/Vz plane. : 

(b) Relay characteristics on the Vs/Vz diagram showing remote-end relay. 

For linear 14/Vg and ]z/Vg transformation these correspond to I4/] charac- 
teristics. 


characteristic circle drawn with centre at K=1, 5 =0 and 
radius 1/(2B), which approximates very closely to a -+30° 
tripping angle for K = 1. The line OA’ is thus the datum of the 
voltage-ratio plane, and since, for a linear system, Vs/Vp =I4/Tp, 
this is the in-phase axis of the complex-current-plane charac- 
teristic. Fig. 8(6) shows the characteristic redrawn using the 


\ 
Vs/Vp plane, from which it is seen, because of the manner of 
presentation, that the positive values of Vs/Vz occur to the left _ 
of the datum and the negative values to the right. 
The relay characteristic at end R is plotted as before and also — 


that at end S, and it is clear that, since (assuming ideal adjust- 
ment) the end S relay characteristic on the Vp/Vs plane is 


| 
| 
| 
| 


| 


identical with the end R relay characteristic on the Vs/Vz plane, | 


the end S relay characteristic on the Vs/Vz plane is the inverse — 


of the end R relay characteristic. In both cases relay operation | 


will occur outside the circle and the diagram thus shows the © 
fault areas in which simultaneous tripping is obtained at both — 
ends of the feeder. | 
Inevitably, with long pilot-protection schemes the major | 
portion of the relay characteristic is influenced by the action of | 
the voltage limiter. Thus, the relay characteristic operates about 


the V;/Vp = 1 point and tripping occurs where the K = 1 circle | 


cuts the relay circular characteristic. The relay then trips at 
constant phase angle (i.e. phase-comparison characteristic) over | 
this region, which in this case is +30°, and is completely insen- | 


Fig. 9.—Effect of non-linearity on characteristic of end R relay of 
I4| Vs transformation on I4/Ig diagram. 


‘@) Linear characteristic corresponding to Fig. 8. 

8 Commencement of non-linearity where Vg is no longer proportional to JI4 
above I4/Iz = 1:0. . hen 

(c) Complete non-linearity of Jz as well as I4, giving phase-comparison charac- 
teristic over most of working range. H } 

Characteristics (a) and (c) are normally sufficient for application purposes. 


sitive to current magnitude difference. Fig. 9 shows the transition 
from linear comparison to the phase-comparison relay charac- 
teristic. 


(5.7) Conventional Pilot-Wire Relay Systems 


Various relay characteristics will now be considered in detail. 
The relay basic equation will be expressed in terms of the pilot- 
circuit admittance required for operation, and the admittance 
characteristic will then be transferred to the complex-voltage 
plane, which coincides with the linear portion of the complex- 
current-plane diagram. In each case the influence exerted by 
the pilot circuit on the relay characteristic will be shown. 

The majority of circuits described use an amplitude-com- 
parator relay, i.e. a relay which is responsive to a difference in 
amplitude between the two compared currents and is insensitive 
to any phase difference between them. A highly sensitive relay 
element is required for protection over long pilot circuits and, 
in general, a moving-coil or transductor relay is used. Phase- 
comparator relays are equally applicable to pilot-wire systems 
so long as the basic comparator has a similar sensitivity. This 
tends to preclude the use of relatively insensitive induction- 
pattern phase-comparator relays, although electronic relays 
(using transistors) would appear satisfactory. 

In the following analysis the voltage-source aiid relay-coil 
impedances are assumed to be negligible. 


—————S 
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| (a) 


| (d) 
Fig. 10.—Basic impedance-type relay. 
| (a) For operation, 
| |VY/ dNo| > |VNalZzl, i.e. |Y/ $| >| Nal(ZeNo)| = |Kal- 
(6) Admittance characteristic. Relay operates in shaded area where | Y/ | >|Kpl. 
(c) Polar characteristic showing end R relay. Characteristic of end S relay is 


| inverse circle of end R relay. ‘ 
(d) Phase-comparison characteristic under voltage-limiting conditions; note that 


| b1 F dr 


H 


| G.7.1) Basic Impedance Relay. 

| The relay connection is shown in Fig. 10, which also gives 
} the relay operating equation in terms of pilot admittance as 
—|¥74| =|Kel- Thus the relay characteristic is a circle with its 
centre at the origin of the admittance axis. Fig. 10(c) shows the 
_ relay characteristic transferred to the polar plane. The centre 
' of the circle is now displaced from the origin by a distance 
|A| at an angle 6 = arg /(A —1)/B. The relay characteristic 
shown is for relay R on the V;/Vp diagram. The characteristic 
' circle for the relay S on the same diagram is the inverse of the 
} oe circle, i.e. centre at distance |A/(A? — 1)| at an angle 
| of —é. 

. This characteristic is suitable only for a short pilot circuit 
where (A — 1)/B approaches zero and would be unsuitable for 
| the pilot-circuit characteristics shown in Fig. 4 since it would 
give an asymmetrical tripping characteristic with insufficient 
discriminating margin. é 


(5.7.2.) Compensated Impedance Relay. 

The relay connection is identical with the previous case, with 
the addition of the compensating admittance, Y¢, connected 
across the pilot input terminals (Fig. 11); Y¢ is usually inductive. 
The effect of the shunt-reactance compensation is to displace 


the relay characteristic by — Yc in the —G + jB section as shown. 
Pi 


a 


Ly 


415 


(a) 


( (d) 


Fig. 11.—Compensated-impedance relay. 


(a) For operation, |V(Y_ + Y/ ¢)No| > |VNalZpl, ie. \Y/ @ + Yo| > |KpI. 

(6) Admittance characteristic; Yg is shown inductive. 

(c) Polar characteristic showing end S and end R relays, Both relays trip outside 
the circle. 

(d) Phase-comparison characteristic under limiting conditions. 


Complete compensation for the local-end relay can never be 
achieved by this method since the point K = 1, 6 =0 will 
invariably lie in the G + jB sector. The polar diagram of 
Fig. 11(c) shows the local-end and remote-end relay charac- 
teristics, from which it is seen that the end S relay characteristic 
can, by suitable choice of adjustments, be arranged to provide 
the ideal characteristic surrounding the (1, 0) point of the polar 
characteristic diagram. Such a scheme can, therefore, in prin- 
ciple, be arranged to have ideal characteristics. 

In practice, such ideal characteristics are difficult to attain 
owing to the non-linearity of tuning reactors, lack of fine adjust- 
ment on tuning-reactor tappings and inherent design difficulties 
using resonant LC circuits; nevertheless, the scheme is applicable 
over most practical pilot circuits up to 25-30 miles in length. 


(5.7.3) Modified-Connection Impedance Relay. 

The modified relay connections, equations and operating 
characteristic are shown in Fig. 12, from which it is seen that a 
characteristic generally similar to the previous case is obtainable 
with the added factor that the radius of the circle varies directly 
with the value of compensation. This is a disadvantage in that 
an additional adjustment of relay constants is required to obtain 
an independent adjustment for the radius of the circle. The 
scheme has not been applied practically to long pilot-wire circuits 
and although comparable with the previous method it is probably 
not so convenient. 


(5.7.4) Bridge-Comparator Relay. 

The bridge-comparator relay is illustrated in Fig. 13, from 
which it will be seen that an ideal characteristic is obtained for 
the R relay in the V;/V, plane (i.e. inverse to the compensated- 
impedance relay). Indeed, assuming sinusoidal voltages and a 
linear pilot-wire circuit, a scheme of this kind will operate 
successfully over pilots of any length, the only limitation being 
one of relay sensitivity to ensure that sufficient signal can be 
transmitted over the pilot circuit at a reasonable voltage level. 
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(C) 
Fig. 12.—Modified impedance relay. 
(a) For operation, |V(Yz + Y/ ¢)No| > |VYaNal, ie. |¥/7¢+ Ya| >|YaKr 
where Kr = Nal/No. Zo (his | | 
(6) Admittance characteristic; Yg is shown inductive. 
(c) Polar characteristic. Both relays trip outside the circle. 
Phase-comparison characteristic as for Fig. 11. 


[a Ne 
Vv 
(>) 
N 
Vv 3 R Yip 
R 
| -G Va 
(a) (b) 
38 
90° 
$y 
or 480° 
Po $, — Po 
(d) 270° 


Fig. 13.—Bridge comparator relay. 
(a) For operation, |V(Y// ¢ — Yo)No| > |VNr/Zp| 
or | hae Yo| > |Kr|, where Kp = Nel(ZRNo). 


(6) Admittance diagram; Yg is shown capacitive. 
(c) Polar diagram. Both relays trip outside the circle. 
(d) Phase-comparison diagram; note that ¢1 = ¢2. 


Schemes of this kind are not commercially available, but experi- 
mental equipments have given excellent results under all types 
of system fault condition. 


(5.7.5) Inverted Impedance Relay. 


The relay operating and restraining coils are transposed from 
the basic impedance relay connection, and a circle with centre 
at the origin is obtained (Fig. 14). Relay operation occurs 
inside the circle so that the relay compensation must be adjusted 
around the operating point rather than the stability point. Thus 
the relay is arranged to have a large operating zone. This has 
disadvantages where some degree of amplitude comparison of 
currents is required. 


(5.7.6) Modified Inverted Impedance Relay. 


The relay characteristic is inherently similar to the previous 
case with the circle displaced from the origin by — Yo (Fig. 15). 
The fundamental characteristic of this type of relay again does 
not provide a satisfactory discriminating basis for many system 
conditions where amplitude comparison is required af low 
currents. ; 


Thus, Y cos ¢ = K2/(Ki1K3) = K. 


characteristics. 


JB “A 


(a) (b) 


Fig. 14.—Inverted-impedance relay. | 
(@) For operation, |VYoNo| > [VY / Nal, 
ie. | ¥ 7 $|< |Nol(NrZo)| = lKyl- 
(6) Admittance diagram. Relay operates inside the circle. 


(a) 


Fig. 15.—Modified inverted-impedance relay. 
(a) For operation, |VYoNo |> |V(Yo + ¥/4)Nal, ie. |¥/¢ + Yo| < |K;Yol- 
(6) Admittance diagram. Relay operates inside the circle. 


Ty 


i 
(©) (d) 


Fig. 16.—Translay-type relays, idealized characteristics. 
(@ Basic circuit. " 
P Polarizing coil. 
O Operating coil. 
R Restraint coil. 
(6) Vector diagram without compensation (Yo not connected). 
For operation, KiVYI4 sin (90° + $) > K2l% and V = Kl, (for linear system). 


(c) Admittance diagram for uncompensated relay. 
(d) Polar diagram for uncompensated relay showing end A and end B relay 


(e) Vector diagram for compensated relay (Yq connected). 
Relay operating torque = Kil4(VY cos ¢ + VYq cos «) 
= Ki K3I}(¥ cos ¢ + Yo cos a). 
Ka 
Yoo $¢ > yy. Ferdin a 
= K — Yocosa«. 
(f) Admittance diagram for compensated relay. 


For operation, 


‘| relay of the admittance type. 
| characteristics of such a relay assuming linear measurement and 
_ high basic sensitivity. The basic relay measures a constant 
| admittance (straight-line characteristic) for the B relay on the 
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(5.7.7) Phase-Angle Comparator Relay (Translay). 


The “Translay’ relay is inherently a phase-angle comparator 
Fig. 16 shows the idealized 


I4/Tz plane which can be used to provide a reasonable dis- 


/| criminating factor, particularly on short pilot-wire circuits. 


Fig. 16(d) shows the polar-plane characteristics for a short pilot 
circuit. Modifications have been tried using a shunt-connected 


_ choke for pilot compensation, which reduces the effective reach 


of the relay; this has given improved characteristics over medium- 
length pilot circuits [Fig. 16(e) and (/)] though this improvement 
may be due largely to the improved power factor of the pilot 
current giving a more definite operating torque. The uncom- 


‘pensated pilot current is, of course, at a high leading power 


factor, which tends to overcome the ideal torque response of 


5 the relay. 


(6) PRACTICAL APPLICATION OF DESIGN THEORY 
A practical design of protective scheme will now be considered 
for the pilot-circuit characteristics shown in Fig. 5. Two schemes 
will be investigated; the compensated-impedance relay of Fig. 11 


/ and the bridge comparator relay of Fig. 13. It has been shown 
| that both types will provide equivalent overall characteristics, 
one being the inverse of the other. 


The opposed-voltage connection is preferred since, for the 
bridge comparator relay, a capacitive compensation is then 


‘required. This is more flexible than the corresponding inductive 


compensation which may be required for the series-voltage 
arrangement. The tuned relay must, of necessity, use the 
opposed-voltage method since only this method will permit 


_ compensation. 


The analyses in Section 5 assume sinusoidal applied voltages 


| to the pilot circuit, negligible voltage-source impedance and 


negligible relay impedance. Thus, if the theories are to be valid 
these considerations must apply to the practical scheme design. 
The use of a capacitive filter network to ensure a reasonably 
sinusoidal voltage waveform has been mentioned previously. 
The realization of a low voltage-source impedance presents 


’ little practical difficulty and the relay impedance can be made 


negligible by the choice of a sufficiently sensitive relay. 


(6.1) Compensated Impedance Relay 


For a practical design, the available adjustments are the 
reactance of the pilot tuning choke and the setting of the resistor 
in the relay restraint circuit. When these are set correctly the 
telay will provide the ideal overall characteristics shown in 


| Fig. 11, though the practical difficulties of relay design listed in 


Section 5.7.2 have an increasing effect on longer pilot circuits. 
In calculating relay adjustments it follows from Fig. 11 that the 
ideal characteristic is attainable by relay S on the V,/Vp diagram, 
so that the calculation of adjustments of the R relay charac- 
teristic on the V/V diagram must be based on the inverse circle. 

The ideal circle on the current plane has its centre at (1, 0) 
and a radius of 0:5 (30° tripping angle) giving an inverse circle 
having its centre at (1-375, 0) and radius 0-625. When trans- 
formed to the admittance diagram this gives: 


Ideal circle Inverse circle 
jes 7 


= Centre a B 
: 0:5 0-625 
Radius 3 a5 


The admittance (A — 1)/B is, of course, the shunt-arm admit- 
tance of the nominal 7-network. 


For the compensated admittance relay, Fig. 11 gives the radius 
Kr = |Na/(NoZp)| with the centre displaced —Y¢ from the 
origin. 

Considering the practical pilot circuit of Fig. 4 and adjusting 
the end R relay for the inverse circle, the compensating admit- 
tance is Yo = (1:375 — A)/B = (1:06 —j3-085) x 10~*mho, 
from which Z- = 1100 +73210Q, the circle radius Kp = 
|Ne/(NoZp)| = 0:625/|B| and |B] = 2520Q. This gives the 
restraint circuit impedance Zp = |B|Np/(-625No) = 4030 
NrlNo. Taking a practical case of Nr/No = 0°33, Zp equals 
1343Q. For other than +30° tripping angle the expression for 
the restraint resistance becomes Zp = |B|Np/(1-35 sin $)No, 
where ¢ is the required tripping angle. Thus, for +20° angle, 
Zr =1820Q. 


(6.2) Bridge-Comparator Relay 


A practical arrangement is shown in Fig. 17; the adjustments 
again are of replica impedance and restraint resistance. 
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Fig. 17.—General arrangement of practical bridge comparator relay. 


M,C _ Voltage-limiting network, as in Fig. 2, 
Ry, R2 Ratio arms of bridge network. 
R3, C3 Pilot replica impedance network. 
Ry Restraint resistor. 
R_ Relay coil. 
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Fig. 13 shows that the ideal circle is obtainable for the R relay 
on the V/V diagram and that the radius is Kp = |No/(NrZp)| 
with the centre displaced Y- from the origin. 

For the practical pilot circuit of Fig. 4 the relay adjustment 
values are: Replica admittance Yo (A YE = 
(0-3 + j2-53) x 10-4mhos. Replica impedance Zo = 426 — 
73900Q, The circle radius Kp = |Nr/(NoZp)| = 9°5/|B| for 
+30° tripping angle, from which Zp = |B|Nz/(O-5No)Q. If 
NrlNo = 0°33, Ze = 1680Q. 

For tripping angles other than +30°, the expression for Zp 
becomes | B|Ne/(sin ¢)No so that, for 6 = + 20°, Zp = 24400. 


(6.3) Verification of Bridge-Comparator Relay Characteristic by 
Test 


Normally the adjustment of replica impedance would be 
carried out by null balance at the relay under through-current 
conditions. The operating and restraining ampere-turns would 
then be measured separately for the single infeed condition. 

The total operating ampere-turns correspond to the length of 
the 1/B vector on the admittance diagram (i.e. FH in Fig. 5) 
and the restraint ampere-turns correspond to the radius of the 
relay characteristic circle (JH in Fig. 5). Thus the relay circle 
can be adjusted and the overall tripping angle is given by 


_, Restraint-circuit ampere-turns 


¢ = sin ———— 
Operating-circuit ampere-turns 


to a close approximation. 
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The application limit of the scheme is reached when the relay- 
operating-coil current given by V,;/B approaches the basic 
sensitivity of the relay element. 


(7) BALANCED-CURRENT SCHEMES 


The balanced-current scheme operates on the. circulating- 
current principle with the pilot circuit energized either directly or 
via a summation transformer from a current (high-impedance) 
source. To retain the high-source-impedance characteristic the 
summation-transformer output must remain linear. For this 
reason the principle is unsuitable for long pilot circuits where 
the pilot-circuit impedance constitutes a large burden and, in 
consequence, high pilot voltages are required for linear com- 
parison. Where pilot voltages are limited owing to current- 
transformer saturation or other factors the scheme becomes in 
effect a series-voltage arrangement as described in the previous 
Sections, and under extreme limiting conditions the charac- 
teristics revert to phase comparison. A generalized input- 
impedance locus diagram exists for balanced-current schemes 
and this is derived in Section 12.2. A practical diagram for the 
pilot circuit of Fig. 4 is given in Fig. 18. Two typical balanced- 


jx 


2000 


18.—Impedance locus diagram for balance current system (high 
source impedance). 


Fig. 


Fig. 19.—Bridge comparator relay for balanced current protection. 


9 I 
(a) For operation, ZZ / ¢ — Zq)No| > INz, 
N. 
e.|Z/ 6 — Zol > \zo72| =|K’ 


(6) Admittance diagram; Zg is shown inductive. 


current relay arrangements are shown in Figs. 19 and 20, these 

- being the circuit duals of the balanced-voltage arrangements of 
Figs. 13 and 11, respectively. The relay arrangement of Fig. 20 
is clearly impractical since a large negative resistance is required 
for compensation. Fig. 19 shows an attractive arrangement 
since, for most cases, the compensating impedance can be 
purely resistive. Such a scheme is suitable for short privately- 
owned pilot circuits. 


(8) ELECTRICAL CHARACTERISTICS OF PRACTICAL PILOT 
CIRCUITS 

The essential information required for the construction of the 

pilot-circuit input-admittance diagrams can be obtained from 
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Fig. 20.—Compensated-impedance relay for balanced-current 
system. 


r I 
(a) For operation, Z| VA ¢ + Ze)No| > INpz, 
: Nr , 
Le. |IZ/ ¢+Zo| > \zon" |= |K’| 


(6) Admittance diagram; Zg is shown capacitive. 
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Fig. 21.—Practical telephone-type rented pilot-circuit constants on 
input admittance diagram. 
@ ee Pilot circuit No. 1, 2 (Ea¢ HY 


X3¥3) pilot circui id 3 
| Pilot circuit No. 3, 4 End 4 


X5Y5 a 5 * nd 5 
a Pilot circuit No. 5, 6 [Eg 6 


(6) Construction of admittance diagram with circle centre atx = Ygg, and 
radius = 1/B. 
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(a) 
Fig. 22.—Calculated pilot-circuit constants for homogeneous tele- 
phone-type pilot circuits. 


(a) Unloaded 201b/mile circuits. 

— — — Loaded 201b/mile circuits (loading 88 mH per 20004). F 
(6) Construction of admittance diagram with circle centre atx = Ygq and radius = 
B. . 


measurements of open- and short-circuit admittances. These 


measurements are best obtained at the normal operating voltage 
of the protection, using an isolated injection supply and con- 


‘ventional bridge methods. From them the required constants 


‘can be calculated by normal network theory since 1/B = 
W[¥ser(¥scs — Yocs)], A/B = Yscs and D/B = Yscr. From 
‘these values the input-admittance locus diagram can be drawn. 

| Fig. 21 shows the position of the 1/B vector for three practical 


‘pilot circuits and Fig. 22 shows calculated values for homo- 
geneous 201b/mile conductor circuits both unloaded and with 


continuous 88mH per 2000yd loading. It should be noted 


that all the practical circuits shown are unsymmetrical (i.e. the 
‘|input-admittance locus is different at the two ends). In making 


relay adjustments it clearly follows that different compensating 
or replica impedances will be required at the two ends, though 


the restraint resistor must have the same setting at each end 


since its value is governed by the 1/B vector, which corresponds 


‘to the series arm of the equivalent 7-network, 


| 
(9) CONCLUSIONS 
| The foregoing analysis of relay characteristics reviews most 


| of the basic pilot-wire relay connections. Other connections are 
| to be seen occasionally which include additional bias or operating 
| coils, these being T-connected at the relaying point. 
_ connections give characteristics intermediate between the 
/ extremes shown, and do not, in general, give fundamental 
_ improvement. 


Such 


Some relays employ a non-linear bias characteristic which, if 


i 


| designed carefully, will serve to increase the diameter of the 


relay operating circle (in the case of the impedance-type relay 
| connection) and thereby improve stability. Whether or not this 


| feature has any real value is doubtful, since the larger circle 
_ could probably have been provided in the first instance. Possibly 
on systems where, under low-current fault conditions, there is 
| danger of ‘masking’ due to load currents, the feature has some 


marginal advantage, though this may be outweighed by the 
corresponding loss in calculability resulting from the use of 


I *,? * . . 
‘additional non-linear circuit-elements. 


The arrangements of Figs. 11 and 13 are amenable to linear 
circuit theory, and the equations developed for relay operation 
can be used as a basis for investigating overall design and 
adjustments, 

It is shown how the characteristics obtained from these 
arrangements can be made to approach the ideal, in that a 
‘completely symmetrical circular characteristic round the through- 
fault operating point is obtainable. The diameter can be 
adjusted to give the required tripping angle in each case. 

The design method has been applied to a practical pilot 


Se ee ee 


circuit by: 

(a) Measurement of pilot-circuit open- 
admittances from both ends of the line. 

(6) Computation of 1/B and construction of the input-admittance 
diagram. 

(c) Investigation of the fundamental relay characteristic on the 
admittance plane and eyaluation of particular values required for 
compensating impedance and restraint-circuit resistor obtained 
from ideal values shown on the admittance plot. 

} (d) Transcription of the admittance-plane diagram to the current 
plane, involving a simple change of datum and scaling. Inversion 
of characteristic to obtain performance of remote end relay. 


Using this procedure it is considered that any practical scheme 
can be investigated thoroughly and an accurate prediction made 
_of scheme characteristics at the design stage. The procedure is 
also essential when commissioning a scheme using actual 
practical pilot circuits. 

With pilot-wire protection systems the demarcation between 


and short-circuit 


\ 


_ prototype and commissioning testing is more clearly marked 
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than usual. It is important, therefore, that the overall per- 
formance limits of any protection scheme shall be clearly estab- 
lished by exhaustive prototype testing and that commissioning 
tests should merely comprise the correct setting of all adjust- 
ments. The approach outlined in the paper attempts to set 
down a common philosophy for both purposes. 

With the continuing improvements in telephone techniques it 
is probable that pilot conductor sizes will be further reduced, 
thereby exaggerating the problem of providing an effective pro- 
tection system; again this approach will enable a fundamental 
evaluation to be made into the capability limit of any particular 
scheme. 
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(12) APPENDICES 


(12.1) Generalized Input-Admittance Diagram for a 4-Terminal 
Network Energized from Voltage Sources 


The following analysis assumes sinusoidal voltages applied to 
the pilot circuits, and a relay of negligible impedance. 

A 4-terminal network (Fig. 1) having constants A, B, C, D 
is considered, these being related by the well-known equations 


Vs =AVp + Ble (1) 
Is = CVp + DI (2) 
in which A=1+ YpZ 
B.esZ 
Ca¥, Ve YYZ 
and D=1+ Y5Z 


expressed in terms of the equivalent m-network. Taking the 
general case specified, of Vp fixed with Vg varying in phase and 
magnitude, Vy = KVp LS where K is the modulus of the ratio 
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Vs/Ve and 6 is the phase angle between the two voltages. 
Then substituting in eqn. (1) for Vs, we have 


KVR /0 — AVp so Blip 


and for the local or receiving end, 


Ver B 
3 
cee K/s—A @) 
or in admittance form, 
K/é—A 
lS aie Be agi ce omerrenl Ah) 


Similarly for the remote end, 


Zs and Ys; = Doe MEL? 


B 
—D-KZ8 
Since the current at end R is assumed to be leaving the 


4-terminal network, the expressions for Yp and Zp should be 
multiplied by —1, giving 


B 
ZR = —————= 5 
‘a ) 
and Yr = ee (6) 
Similarly for end S, if IK /d = Vel Vs = K’/§8, say, then 
B 
ao Pea 7 
Saino (7) 
and Ys = a fet ke cave uae CS) 


These expressions give a locus diagram in terms of input 
impedance or admittance for a generalized 4-terminal network. 
They are, of course, vector quantities. 

For the impedance equation, the locus of input impedance is 
a circle of radius BK/(A2 — K2) at a distance AB/(A? — K?) 
from the origin (Fig. 23). This construction is by no means as 
convenient as the admittance form since both parameters vary 
with K. 


CIRCLE 


INVERSE 


Fig. 23.—Locus diagram for input admittance of 4-terminal network 
showing inversion for input-impedance diagram. 


Oa = al x Oa’ = EK 

op -4* Ob =e 

st if i ie ae os Ko ewe 

Oo = ig] oe ome Capek) = a eee 


Radius and centre for impedance diagram both depend on A, B and K. Circles 
are not concentric. 


By inspection of eqn. (6), it is noted that the locus of Yp is a, 
series of circles of radius K/B at a distance of A/B from the” 
origin. These circles are concentric and vary linearly with K. ‘| 
The phase angle can be plotted using a protractor and has its | 
datum 0° along the line—1/B drawn from the point A/B. The || 
conventions and symbols adopted in this and subsequent | 
derivations are shown in Fig. 1. 

In producing a practical locus diagram, the constants A and B ° 
must be found. This will normally be carried out by measure- | 
ment of the open- and short-circuit impedance of the pilot-wire | 
circuit. From these measurements A/B = Ygcp (short-circuit | 
admittance viewed from end R) and 

| 


B = 1/\/[¥scs Yscer — Yocr)] 


where Yoscg is the short-circuit admittance of the pilot circuit | 
viewed from end S and Yocr is the open-circuit admittance 
viewed from end R. Thus from eqn. (6), 


K/® 
V[¥scs(¥scr — Yocr)] 
and similarly from eqn. (8), 


(9) | 


Yr = Yser 


K/§ | 
Ys = Yscs —— SS (10) | 
; ioe [Ysesr(Yscr — Yocar)] 
where K’/ pay 
K7s 
(12.2) General Locus Diagram for Balanced-Current Schemes 


The following extends the approach to balanced-current (high | 
source impedance) types of pilot-wire protection, assuming that | 
sinusoidal quantities are applied to the pilot circuit. 

From the basic equations (1) and (2) of a 4-terminal network, | 
putting Ip == Kly / 180° — , a KI s / Y> 

Vs = AVg — BKIs /y (11) | 
Ty =CVp — DKIs/y (12) | 
From eqn. (12), | 
7 I,d + DK /Y) 
& Cc 
Substituting in eqn. (11), 


V, AG +DK/y) _ 


rigs C BK/Y. 
A+ K 
ee Gince AD eRee— 4) 
K/y 
Zocs + a 


This is plotted in Fig. 18 for the practical pilot circuit depicted | 
in Fig. 4, for which 


1 ¢ 
GF V[Zocs(Zocr — Zscr)] = + 380 + 71890 


ZocrR — 960 —jl 880 
Zocs —= 840 —jl 860 
Zscr = 2350 — 7600 


)21.332.31 : 621.317.39 


"| 


|The paper was first received 20th September, and in revised form 20th December, 
the UTILIZATION SECTION 16th March, 1961.) 


SUMMARY 


In electric traction systems in which power is supplied from an 
overhead contact wire via a pantograph, the mechanical design of the 
‘contact wire and its supporting equipment is clearly of importance in 
| lation to the problem of current collection at high speed. Because 
‘of the great difficulty of making accurate measurements on the full-size 
‘system and the difficulty of making experimental modifications to it, 
‘a dynamically equivalent laboratory scale model has been designed and 
‘constructed. The limited information which was obtainable from the 
|full-size system has been used to verify the performance of the model, 
which can now be used for a systematic study of the effects of design 
variables. 


(1) INTRODUCTION 


| ) The use of models for studying various types of engineering 

| projects is a well accepted practice. There are, broadly, two 

‘reasons for constructing a model for conducting systematic 

investigations: 

i (a) It may be practically impossible, or economically prohibitive, 
to carry out experimental tests on the full-scale version, apart from 
observation of its performance under normal working conditions 

_ In service. 

(6) A complete theoretical study may not be practicable because 

' of mathematical complexity or inadequate knowledge. 

In the case of the system comprising an overhead conductor 

providing the motive power for electric railway traction and the 

‘current collector (pantograph) used in conjunction with it, both 

‘these reasons are valid. Experiments on a railway track in 

commercial service are fraught with considerable difficulties, and 

| the construction and maintenance of a special test section of 

sufficient length for high-speed running is extremely costly; 

theoretical study, although in progress with some prospect of 
ultimate success, is only in its early stages. Therefore, the design 
and construction of a dynamically equivalent model, capable of 
representing high-speed running up to 100m.p.h., was con- 
sidered to be justified in order to investigate the effects of 

_ variations in design features. 

_ Before constructing any model, the situation must be explored 

| theoretically to ensure that the model will faithfully reproduce 

all relevant modes of behaviour of the full-scale prototype, and 
that any extraneous modes of behaviour are identifiable. It is 
| mot necessary that the theoretical background be complete, in 
| the sense that rigorous equations of motion, equilibrium, etc., 
| must be derived, but, on the other hand, a very thorough under- 

‘standing of the physical properties involved is essential, and 

sound judgment must be applied in deciding which properties 

‘of the system must be taken into account. The principles of 

dimensional analysis can then be used to give a high degree of 

‘assurance that the behaviour of the model will be realistic. 


4 (2) OVERHEAD SYSTEM TO BE MODELLED 
_ Overhead electric traction equipment is far from being stan- 
dardized, but all systems have certain features in common. In 
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all cases, the object is to provide an overhead conductor from 
which an uninterrupted current may be taken to the traction 
motors via one or more pantographs mounted on the locomotive 
or multiple unit. 

Ideally, the conductor should be continuous and at a constant 
height above the track, and its mechanical properties should be 
uniform along its length; the pantograph should exert a constant 
upward thrust, regardless of speed. In practice, these ideals 
cannot be realized. The conductor can be produced and 
installed only in lengths of about a mile; its height must 
change, for example, at over-bridges, tunnels and level crossings; 
it must be supported from structures often positioned at irregular 
intervals, and electrical insulation may need to be inserted in it. 
The pantograph, however good its control mechanism and 
design, has inertia and cannot respond instantaneously to 
changes in the rigidity of the conductor or to oscillatory move- 
ments of the locomotive caused by its spring suspension or by 
the track itself; also, the pantograph has aerodynamic resistance 
so that its characteristics are, to some extent, speed-dependent. 

In consequence, the contact pressure between the conductor 
and the contact strips of the pantograph can vary considerably, 
and, for satisfactory performance, it must neither be so low that 
effective contact is lost nor so high that excessive movement, 
wear or mechanical damage occurs. The problem is not so 
difficult with low-voltage systems as it is with the high-voltage 
systems which are now being much more extensively used. This 
is because in a low-voltage system (e.g. 1:5 or 3kV) heavy 
conductors are necessary and they exert some measure of control 
over the pantograph. In high-voltage systems (e.g. 25kV), the 
overhead conductor is, in itself, lighter and more flexible, but it 
needs larger and heavier insulators; therefore, uniform rigidity 
is much more difficult to achieve. 

Some typical arrangements of overhead equipment, as used 
in the British Railways 25kV a.c. system, are briefly described. 


(2.1) Simple Catenary Equipment 


The simple catenary equipment is illustrated in Fig. I(a). A 
solid cadmium-copper contact wire, of cross-sectional area 
0-166in?, is supported at intervals of 15-20ft by solid wire 
‘telescopic’ droppers from a stranded cadmium-copper cable 
(19/-083 in) which is suspended approximately in the form of 
a catenary between supporting structures. The droppers have 
a chain-link arrangement (Fig. 4), so that, however much the 
contact wire is raised by the pantograph, they are never in 
compression. The distance between adjacent structures is 240 ft 
maximum, but it is often less because of local requirements. 

In ‘fixed’ simple catenary equipment, both the contact and 
catenary wires are rigidly fixed at the terminations, and the 
tension in them, and their sags, vary with temperature. Thus, 
this arrangement is not usually considered suitable for very-high- 
speed running. 

For faster running, ‘weight-tensioned’ equipment is used. 
Both wires are rigidly anchored to a structure at the mid-point 
of their length, and, at the ends, at a distance of about half a 
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(Cc) 
Fig. 1.—Schematic elevations of three principle systems of overhead 
equipment. 


(a) Simple catenary. 
(6) Compound catenary. 
(c) Stitched catenary. 


mile from the anchor point, constant tension is maintained by a 
suitable mechanism and dead weights. At the intermediate 
supporting structures, provision is made for the along-track 
movement of the wires which results from temperature changes. 


(2.2) Compound Catenary Equipment 


Weight-tensioned simple catenary equipment suffers from the 
disadvantage that the attachment of the contact wire to the 
supporting structures, even by hinged members free to move, 
causes variations in flexibility (hard spots’). The situation is 
improved by using a compound catenary as shown in Fig. 1(d). 
The contact wire is suspended from a cadmium-copper auxiliary 
catenary by solid-wire loop droppers (Fig. 4) which are secured 
to the contact wire but are free to slide vertically with respect 
to the auxiliary catenary, which is itself suspended by rigid 
solid-wire droppers from the main catenary. With this arrange- 
ment, speeds in excess of 100m.p.h. are possible. 


(2.3) Stitched Catenary Equipment 


The stitched catenary equipment is shown in Fig. 1(c) and 
has been used as an alternative to compound catenary equip- 
ment. The contact wire near the structure is supported by an 
additional wire which is attached to the catenary on each side 
of the structure, thus reducing the irregularity in flexibility. 
The droppers are of the same design as in simple catenary 
equipment. 

(2.4) General 

In all of the arrangements described, the contact wire is 
‘staggered’ from side to side in a horizontal plane to distribute 
the wear on the rubbing strips of the pantographs. These are 
about 4ft long to allow for the effects of contact-wire displace- 
ment by wind, vehicle sway and the offsetting of the contact wire 
at curves and junctions. 

It is convenient to defer a description of the main supports 
for the overhead equipment and the pantograph until the 
modelling of these components is considered. 


(3) GENERAL CONSIDERATIONS AFFECTING THE 
MODEL 


(3.1) Requirements 


It is desirable that the model should be geometrically similar 
to the prototype, and the scale must be such that the model can 
be conveniently housed, but not so small that the displacements 
and forces within it are too small for accurate measurement. 
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Dynamic similarity is essential; i.e. suitably scaled-down values 
of forces in the prototype, when applied to the model, ma 
produce geometrically equivalent displacements, or be asso!) 
ciated with velocities, accelerations, strains, etc., in the model; 
which are scaled-down values of the corresponding quantities in 
the prototype. Therefore, it must be decided what forces are! 
operative in the prototype, what movements they produce, and 
which physical properties of the wires and other parts of the 
equipment determine the extent of the movement. 
The forces on the wires are as follows: 

(a) Gravitational, arising from the weight of the equipment. 

(b) Upthrust from the pantograph, consisting of a vertical com- 
ponent to maintain contact. There are also horizontal frictional 
forces, which may be resolved into longitudinal and lateral com- 
ponents, but these are judged to be small. 

(c) Longitudinal (static) tension in the contact wire and catenaries. 

(a) Wind pressure, mainly lateral but perhaps with a vertical 
component, and also aerodynamic forces caused by the passage of 
a train. 


These forces would be expected to produce a vertical movement 
of the contact and catenary wires, with an acceleration determined 
by the inertial mass of the system and, possibly, oscillations, 
travelling waves or standing waves. (On curved portions of the 
track, lateral movements may occur.) The physical properties 
of the overhead system which determine the nature and extent 
of these movements are as follows: 

(a) The mass per unit length of the contact and catenary wires. 

(6) The inertial masses of other component parts which are free 
to move. 

(c) The extensibility, e, of each of the wires, i.e. the fractional 
extension per unit force, which, in a solid member of constant, 

SOWEA area, A, is related to Young’s modulus, E, by 

e= 5 

(d) The flexural rigidity, B, of each wire, defined as B = MR, 
where M is the bending moment required to produce a radius of 
curvature, R. ‘ 


(3.2) Scaling 

The scaling factors of the three fundamental concepts of 
length /, mass, m, and time, t, are defined as A, 2, and 7, respec- | 
tively; i.e. lengths in the model are in the ratio of 1/A to lengths | 
in the prototype, etc. These scaling factors are, in themselves, 
arbitrary and can be chosen to suit convenience or to permit) 
compliance with other restrictions. However, the requirements | 
of dynamic similarity demand that consideration be given to the 
physical properties of the system, and the materials used in the 
model must be so selected that similarity is produced. 

As the prototype and the model operate in the same gravita- | 
tional field, the same gravitational acceleration is present in 
both, so that the acceleration must be scaled by unity. Thus, 
using the subscript m to refer to the model: 
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The. scaling of the relevant derived quantities then follows | 
automatically: 


2). Abed, Ac [ eee 
Velocity Gl = [ttn] = * [tml = VA . . ° (2) 
[rl] pA ln) elt 
Force ta = 7A, j [2 
Extensibility (fractional extension per unit force) 
0] i! aes. | 


[ral] 2] [Pla] 2 


OF THE OVERHEAD EQUIPMENT USED IN ELECTRIC RAILWAY TRACTION 


: Flexural Rigidity (B = MR) 
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i} The choice of A and yp is governed not only by convenience 

jut also by the practicability of finding materials or forms of 
‘onstruction which will give the appropriate relationships 
yetween the scaling factors for mass per unit length, extensibility 


und flexural rigidity. 


1) (3.3) Choice of Scaling Factors 


| The physical properties of mass per unit length, extensibility 
ind flexural rigidity depend on the materials employed on the 
llype of construction adopted in the model. If all lengths were 
led by A, the scaling factor for mass, 4, would necessarily 
jual A3 for any given material, but the choice in the model of a 
terial of density different from that in the prototype would 
rmit a different factor. 

| Moreover, if the legitimate assumption is made that radial 
jnovements or oscillations within the body of a wire are without 
sensible effect on the behaviour of the system as a whole, the 
scaling of lengths within the wires, perpendicular to their axes, 
‘may be different from A. This removes one of the restrictions 
in choosing an effective wire diameter in the model and makes it 
basier to satisfy the required scaling relationships for mass per 


| 


unit length, extensibility and flexural rigidity. 
f 


} (3.4) Physical Properties to be Scaled 


The physical properties of the contact wire, main catenary and 
auxiliary catenary are given in Table 1. 


| 
Table 1 
PHYSICAL PROPERTIES OF WIRES IN THE PROTOTYPE 


Physical property Contact wire ae rime 
Mass per unit length, 0:0541 0:0345 0:0124 
Ib/in 
| Extensibility, per lb .. | 3-61 x 10-7) 7-10 x 10~7| 15-50 x 1077 
Flexural rigidity, lb-in2 | 4-58 x 104 | 2-78 x 103 6:73 x 102 


| 
‘ Space considerations suggested a scaling factor for length, A, 
of about 40, resulting in a model length of 25-30 ft representing 
six spans of full-scale equipment; it was considered that anything 
smaller than this would involve great constructional difficulties, 
The choice of a suitable value for j is restricted not only by 
the availability of suitable materials, but also because a wide 
tange of forces must be simulated. The static tension in the 
prototype contact wire and catenary is about 2000Ib, but the 
pantograph upthrust is only about 20lb. The scaled upthrust 


? 


a 
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cannot be less than about 0:011b without incurring difficulty in 
maintaining precision, or without rendering unjustifiable the 
ignoring of frictional forces. Thus « must be not greater than 
2000, and a value tending towards 1000 would be convenient 


(4) DESIGN OF MODEL 


(4.1) Contact and Catenary Wires 


The obvious first choice would be to use circular wires. 
Assuming tentative values for A and yw of 40 and 1000, respec- 
tively, the two main wires in the model would require the 
properties given in Table 2. 


Table 2 


PHYSICAL PROPERTIES REQUIRED OF CIRCULAR WIRES 
IN THE MODEL 


Physical property Formulae Contact wire Main catenary 
Mass per unit length, Ib/in 2-16 x 10-3 | 1-38 x 10-3 
Extensibility, per lb 376l X10 Rae 10) <1054 
Flexural rigidity, lb-in? 2-86 x 10-2] 1-74 x 10-3 

40. 
1000. 
Radius, in. 


Density, 1b/in3. 
Young’s modulus, 


ho 3 E> 
ee 


With a circular wire of radius r, density p and Young’s 
modulus E, the product of mass per unit length multiplied by 
extensibility is p/E, and Table 2 shows that this must be 
7-8 x 10~7 for the contact wire. Since E is at least 2 x 10° 
for any metal, this leads to the impossible value of approximately 
1-5lb/in? (40g/cm?) for density. The situation with the 
stranded catenary wire is even worse, so that the use of simple 
circular wires must be discarded. 

The possibility of using non-metallic threads (e.g. nylon, 
polythene, rubber, etc.) was considered, but this approach was 
ruled out because of the difficulty of obtaining a suitable com- 
bination of physical properties and because of the dependence 
of the properties of such materials on temperature, humidity and 
mechanical loading. Much time was spent in studying the 
possibility of using helical springs, but it was found that, 
although values of about 40 for A are possible, the corresponding 
values of w are unavoidably far too high (i.e. greater than 10°), 
A similar disadvantage was found with other possible construc- 
tions such as twisted strip, crimped wires or strip, or punched 
strip. 

The problem is to provide a sufficiently large mass per unit 
length without decreasing the extensibility or increasing the 
flexural rigidity. What was seen to be necessary was a form of 
construction having the elastic properties of a thin wire but the 
mass of a larger one. This can be achieved by the use of metal 
beads threaded on fine wire. 

As the pantograph must be able to slide freely along the 
simulated contact wire, the beads must be cylindrical and con- 
centric and at the closest possible spacing. Smooth running 
should then be ensured if the contact strip on the pantograph is 
so designed that it bridges three or four beads simultaneously, 
The feasibility of such a design may be tested by assuming that 
the beads are rigid, i.e. the required elasticity is provided only 
by the short lengths of exposed wire between beads. Then, 
using the following notation, 


b = Bead length, in. 
5 = Spacing, in. 


424 


D = Bead diameter, in. 
d = Wire diameter, in. 
pp = Bead density, 1b/in?. 
Py = Wire density, 1b/in?. 
E = Young’s modulus of wire. 


The physical properties of a simulated wire in the model may 
be expressed as follows: 


Mass per unit length, \b/in 


ao sp Ton 2 b 
py + 2D? — a) ppp — 
Extensibility, per lb 

4 Ry 


ma*Eb+s 
Flexural rigidity, \b-in? 


1 b+s 
Td 
64” Ss 

The product of extensibility times flexural rigidity is d?/16, 
which must be 1/A? times the corresponding product for a wire 
in the prototype. Thus, for the modelled contact wire, 

ad” 1-6.x 10>? 

[Gus 2 
which, with A = 40, gives d=0-:0129in. Assuming a bead 
length of about =in, at a spacing of about 34 in, the required 
value of E for the contact wire is approximately 1 x 10’, which 
is reasonable for one of the common metals. With the same 
trial values and assuming that both wire and beads are made 
of brass, the bead diameter required is about 0-13in, which is 
also a reasonable value. 

So far only one wire has been considered, but the catenary 
wires must also be designed for identical values of A and p. 
Once A has been chosen, the diameters of the three wires for the 
model are fixed. Retaining the value A = 40, they become: 


Contact wire 0:0129in 
Main catenary wire 0-004 46 in 
Auxiliary catenary wire . 0-003 24 in 


The ratio of extensibilities is 1/u, so that, with yw the same 
for all three wires, fixed ratios between the Young’s moduli 
must be preserved, which, in the order contact wire: main 
catenary wire: auxiliary catenary wire, are 1: 4:2: 3:6. Con- 
sidering the contact and main catenary wires, a suitable selection 
is brass (60% copper, 40% zinc) and tungsten, having values 
for Young’s modulus of 1:41 x 107 and 5-92 x 107, respec- 
tively. Tungsten is also the metal which gives the nearest value 
to the required ratio for the auxiliary catenary wire, and, as 
will be shown later, discrepancies can be allowed for by adjust- 
ments in dimensions. 


(4.2) Final Development of the Wires 


In practice, the elastic properties of a beaded wire do not 
depend only on the short lengths of exposed wire. The beads 
themselves make some contribution, and also the overall 
properties are considerably influenced by the method by which 
they are attached. This effect can only be determined by 
measurements on samples, and, for this purpose, it is convenient 
to consider the extensibility and flexural rigidity of the wires 
alone. The actual effect of fixing the beads to the wire will be 
to increase the flexural rigidity, B,,,, and to reduce the extensibility, 
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Cm For a given spacing between beads, the effect is a direct 
function of the bead length 5, provided that the bead diamet 
is adjusted to conform with the required mass per unit length, 
Then, from the scale factors set down in Section 3.2, and ust 
symbols without suffices for the prototype, 
Wo i eg | anit B 
Wm A’ em pb” Bry 


= pr 


From these relationships and using the values of £ in Section 4. 
a new tentative value for 4. of 1500 is deduced (instead of the 
1000 which was previously assumed to demonstrate feasibility 

If, for a given bead length, the actual values of extensibili 
and flexural rigidity in the model wires are taken as e,, and B), 


and By = vBe \ “| 


For a constant mass per unit length, it follows that the values 
of A and p will both be decreased by a factor of 1/x. eavatiall| 
from the requirement for flexural rigidity, the scaling equations | 
can now be satisfied only if S| 


| 

Therefore, a value for the bead length must be found with} 
which the cube of the decrease of extensibility, in comparison) 
with the theoretical value is equal to the increase in the flexural) 
rigidity. Clearly, this can only be done empirically, and 15in| 
lengths of model contact wire were made with bead lengths : of 
0-055in, 0:0625in, 0:072in and 0-125in, preliminary, trials 


Y=" 


having indicated a probable solution in the region of ;¢in. | 
constant spacing of 34;in was used. 

The results of Ba Sram ron of e,, and By, for these test 
lengths are shown graphically in Fig. 2, where y and x3 are 
plotted against bead length. The curves cross at a bead length 


of 0:072in, at which x = 1-23. This correction, applied to the 


x? oR y 


0-06 0:08 O10 O-l2 


BEAD LENGTH 6b, in 


Fig. 2. 


rigidity of modelled contact wire. + 


x = Change in extensibility (decrease), 
y = Change in flexural rigidity. 
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Table 3 


FINAL DESCRIPTION AND PROPERTIES OF MOpEL Wires (A = 32:5, u = 1220) 


Material Diameter Material 


Mass per unit 


Extensibility Flexural 


rigidity 


length 


Diameter 


in 
0:0129 
0:0045 
0-003 2 


Brass 
Brass 
Brass 


Brass 
Tungsten 
Tungsten 


| Contact 
|| Main catenary 
| Auxiliary catenary 


“previous values of 40 and 1 500 for 4 and yp gives the final values 
of 32-5 and 1 220, respectively. 

’ Using these scale factors, the required values of extensibility 
vand flexural rigidity were then calculated for the two types of 
jcatenary wire. Retaining brass as the bead material, the bead 
Ses for each were determined empirically, as with the contact 
‘wire, and the bead length for the auxiliary contact wire was 
‘selected to accommodate the discrepancy in the ratio of Young’s 
moduli, referred to earlier. With a bead spacing of jin in all 
cases, the final description and properties of the model wires 
‘/are summarized in Table 3. 


(4.3) Manufacture of Model Wires 


Because of the number of beads required (over 10000 for a 
/30ft model of compound catenary equipment), careful thought 
‘was given to the method of manufacture. After preliminary 
trials had revealed some of the difficulties, it was decided to use 
| machined beads and to attach them to the wires by soft-soldering. 
| To enable this to be done on the tungsten wires, they were coated 
) by electro-deposition with a layer of copper, thick enough to 
| permit soldering but too thin to affect the mechanical properties. 
_ The wires were assembled in straight lengths of 6 ft in vertical 
‘jigs. Meticulous care had to be taken in the soldering operation; 
the holes in the beads were uniformly countersunk and an 
accurately controlled quantity of flux and solder was used to 
| secure each bead, the soldering being done by resistance heating. 
Each finished length was tested for extensibility and flexural 
| rigidity (see Section 10). Specimens of the finished wires are 
shown in Fig. 3. After acceptance testing, the individual lengths 
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Fig. 3.—Completed model wires. 
(@) Main catenary. 
(b) Auxiliary catenary. 
(c) Contact wire. 


‘were connected by a mechanical joint in the wire, over which was 
‘positioned an additional soldered bead to preserve mechanical 


‘uniformity throughout. 


(4.4) Droppers 


In the prototype, the contact wire is supported from the 
catenary by droppers. In simple and stitched catenary equip- 
ment the telescopic droppers, made from ;%in-diameter hard- 
drawn copper, contain chain links. In compound catenary 


in Ibjin x 10-3 Ib-in? x 10-3 
0-092 5 1-45 
0-0738 0-92 


0-046 3 0-33 


equipment, the droppers between the main and auxiliary 
catenaries are rigid, but the contact wire is supported from the 
auxiliary catenary by loop droppers. Telescopic and loop 
droppers are shown in Fig. 4. Because these droppers are never 


ra 


Fig. 4.—Full-size droppers. 


(a) Solid wire telescopic dropper. 
(6) Solid wire loop dropper. 


in compression, their elastic properties need not be reproduced 
in the model, but, as their mass constitutes a load on the system, 
this must be correctly scaled. 

Brass-wire telescopic. droppers were made in halves with a 
looped connection in the middle, the ends having hooks to grip 
the model wires in the space between the beads, where they 
were secured by a plastic cement. The correctly-scaled mass 
was achieved by affixing beads, or fractions of beads, to the 
dropper wires, as shown in Fig. 5. 
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Fig. 5.—Model of simple catenary dropper. 


(4.5) Supports 


Depending on the number of parallel.tracks to be served and 
other features of the system, the supports for the overhead wires 
in the full-scale system take numerous forms. Where weight 
tensioning is used, provision is made for the along-track move- 
ment of all wires, and the contact wire is allowed independent 
horizontal and vertical movement. All forms of support will 
eventually be reproduced in the model, but the first to be studied 
was the ‘hinged cantilever’ type, illustrated in Fig. 6. A diagonal 
strut tube is supported from porcelain insulators by a stranded 
tie wire and is hinged at the vertical mast. The catenary is 
fixed to the upper end of the tube, and the auxiliary catenary 
and contact wire are fixed to other hinged members, the ‘registra- 
tion arm’ and ‘steady arm’, respectively, the latter being capable 
of movement independently of all other hinged members. The 
‘stagger’ of the contact wire is achieved by reversing the steady 
arm at alternate supports (i.e. ‘push-off’ and ‘pull-off’), so that 

the arm is always in tension. 

' The cantilever adds inertia to the system, so that its mass and 
the distribution of mass must be scaled correctly, using the 
already established value of » = 1220. The geometry of the 
hinges must be preserved, by scaling distances by the factor A, 
but it is not necessary for the actual members to be reproduced. 
The design of the model hinged cantilever was based on the 
inclusion only of those hinges which affected the movement of 
the system as a whole, those which only affected the erection 
and adjustment of the support being ignored. As it is not pos- 
sible to scale frictional effects, all the pivots in the model were 
made as free as possible. The model of a cantilever for the 
push-off side of the contact wire is shown in Fig. 7. 
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Fig. 6.—Full-size hinged cantilever. 


Fig. 7.—Model hinged cantilever. 


(4.6) Pantograph 


The Stone-Faiveley pantograph used on the British Railways 
25kV a.c. system is shown in Fig. 8. 
by means of two working springs acting on levers attached to a 
spindle at the base of the lower member; the upward pressure 
can be varied by the static tensioning of these springs. Since 
the tension in the springs varies with their extension, and as the 
upthrust is required to be constant, the point of ba of 


each spring to the spindle is made through three flexible links; 


at four selected points, two on each side, abutment screws fixed 


AS oan | 
CONTACT WIRE i 


The ‘pan-head’ is raised | 
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Fig. 8.—Full-size pantograph. 
to the spindle thrust against these links, thus changing the 
operating length of the springs. The geometry of the system is 
Ee) arranged that, at these four points (corresponding to four 
different heights of the pan-head above the roof of the locomo- 
tive), the upthrust is constant. The upthrust/height relationship 
is shown in Fig. 9, and the curve is, in fact, a series of discon- 


PAN-HEAD HEIGHT, in 


| UPTHRUST, Ib 


Fig. 9.—Characteristics of full-size pantograph. 


Measurements were made at regular intervals of the vertical dispiacem 
panhead, those at the abutment positions being indicated by crosses. eal 


tinuous curves, crossing at the abutment positions. The pan- 
head itself is sprung independently of the other members, springs 
and rubber bushes providing restoring forces should the pan-head 
be tilted in either an along-track or transverse direction. 

The inertia of the pantograph must be scaled, and the first 
‘approach was to attempt to translate the inertia as a whole into 
a correctly scaled model system. Theoretical analysis showed 
that this method would be extremely complex, and so it was 
abandoned in favour of a simpler one. 
__ In the absence of any reaction from the overhead wires, the 
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only forces present in the pantograph are those due to spring 
tension and gravity. Ignoring friction, work is done against 
the inertia of the individual moving members, which experience 
both linear and angular accelerations. All forces are thus 
functions of mass, length and spring constants, while the accelera- 
tions of individual members are functions of length, mass and 
distribution of mass. Thus the inertia of the pantograph as a 
whole may be modelled by correctly scaling the length, mass and 
distribution of mass of each moving member; the contribution 
of the mass of the working springs to the inertia may be 
disregarded. 

Consideration of the non-uniformity of the members showed 
that the theoretical design of an individual member for the 
model, to give the correct bearing distances, mass and distribu- 
tion of mass, would be very difficult. Hence, each member was 
designed with the correct bearing length and approximately the 
correct position of the centre of gravity, but with a lower mass 
than required. The requisite additional mass was then added 
in two portions, movable along the main axis of the member, 
the spacing being adjusted to give the correct position of the 
centre of gravity and the correct period of oscillation. In some 
cases this led to the positioning of additional mass outside the 
bearing lengths. The pan-head springing was achieved with leaf 
springs. The characteristics of the model were confirmed by 
comparison with tests on a prototype pantograph. 


(5) LAYOUT OF THE MODELS 


It was decided that the first models would represent straight, 
level track with no complications such as gradients, electrical 
sectioning devices, cross-overs, etc.; these, and curved track, 
will be introduced later, as necessary. 


(5.1) Track and Supporting Structure 


The smallest single unit in weight-tensioned systems is a 
half-tension length, from the mid-point anchor to the tensioning 
weights, comprising half a mile of track and 11 spans of over-. 
head wires, each nominally 240ft in length. This was judged 
to be the minimum stretch which should be modelled, if the same 
interaction between spans were to occur in the model as in the 
full-scale system. It was also felt desirable that an additional 
lead-in span should be provided on the other side of the mid- 
point anchor. Thus, each model needed 12 spans, which, with 
a length scaling factor of 32-5, gave a length of 88-6 ft. 

A steel-angle structure, 4ft high and 2ft wide, was erected 
in a closed loop with straight sides 144ft in length and with 
16 ft-diameter curves at each end. On top of this were mounted 
two continuous horizontal strips of chipboard, with a central 
space between. The chipboard was firmly secured with 
rubber cement and was well lacquered to prevent distortion 
through pick-up of moisture from the atmosphere. The running 
track, consisting of standard model-railway 3in aluminium 
flanged rail, was screwed to the chipboard. The complete 
structure and the rails were levelled by means of water-tube 
devices and spirit levels. 

The space between the chipboard strips, carrying one rail on 
each side, permitted the underslinging of the driving motor of 
the trolley carrying the pantograph, to reduce the risk of derail- 
ment in negotiating the curves at speed. Even so, the curves 
imposed a speed limit around them of 12m.p.h., even with 
check rails and banking. . A full-scale speed of 100 m.p.h. corre- 
sponds to 17:6m.p.h. in the model, and so provision had to be 
made for the rapid acceleration of the trolley as soon as it 
emerged from the curve, followed by the maintenance of a 
constant speed of the required value while actually in the test 
length, and then by rapid braking before entering the curve at 
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Fig. 10.—Schematic of track layout. i 


the other end. This was achieved by using a 50-volt d.c. motor, 
supplied from the rails, with microswitches placed at the neces- 
sary positions for operating control circuits to increase, reduce 
or reverse the voltage. (It was appreciated that such complica- 
tions could have been reduced, or avoided, if proper transition 
curves and a larger diameter had been used, but, unfortunately, 
a much larger Jaboratory would have been needed and this was 
not available.) 

Although it is possible to reproduce in the model changes due 
to changes in atmospheric temperature, the necessary complica- 
tions were thought to be unjustified in the early stages of the 
researches which are being carried out, and constant-temperature 
enclosures (25°C) were built around the test lengths in each of 
the straight sides of the track. To control the height of the 
pan-head while travelling outside the test lengths, and thus 
prevent possible damage, a continuous length of nylon curtain- 
rail was fitted at the required height above the track. The whole 
arrangement is shown schematically in Fig. 10. 


(6) MEASUREMENTS 


The information extracted from the models is derived from 
two sources—the trolley carrying the pantograph and the over- 
head wires. The first measuring devices which have been 
installed are exploratory and will be modified or replaced if 
experience shows it to be necessary. 


(6.1) Measurements from the Trolley and Pantograph 


The position, velocity and acceleration of the pantograph 
trolley must be known at any instant. Signals proportional in 
magnitude to these three parameters are fed back to a receiver 
from a transmitter carried on the trolley. The transmitter aerial 
consists of two flat plates which span a wire constituting the 
receiver aerial, which is carried by the supporting structure. 

An extra wheel on the trolley carries a number of equally 
spaced circumferential holes which allow a beam of light to be 
focused on to a photo-electric cell; movement of the trolley 
causes rotation of the wheel and interruption of the beam, and 
pulses proportional to the trolley velocity are fed from the 
photo-electric cell and transmitted to the receiver, where they 
trigger a multivibrator producing pulses of constant length, the 
mean level of which is read on a meter calibrated in feet per 
second. The meter output is taken through a differentiating 
circuit to another meter to measure acceleration. 

On the other side of the trolley, a beam of light is directed 
downwards, and its reflection from small movable polished 


aluminium blocks on the structure is collected by a photo-electrie 
cell to provide pulses indicating the position of the trolley. A 

view of one side of the trolley is shown in Fig. 11. 
Two further devices are contemplated for the pantograph, 


one to measure loss of contact and the other to measure conta 


Fig. 11.—The trolley, showing device for measuring velocity and ~ 
acceleration. 


pressure, but the design of these is presenting considerable 
difficulty, because the inertia of the pantograph must not be 
affected. 


(6.2) Measurements from the Overhead Wires 


Several methods, both electrical and optical, for measuring 
wire displacement are being explored. 

In the first to be used, a 60 kc/s signal is supplied to the contact | 
wire and a screened capacitive coupling to an amplifier provides 
a measure of the uplift of the wire; Fig. 12 shows the coupling 
plate in position above the contact wire. By placing three or 
more such couplings at desired positions, the amplitude and 
phase of any oscillations in the wire can be displayed on a 
multi-channel recorder, together with the signals of position, 
velocity and acceleration of the trolley. This method, although 
excellent for measuring displacement before the pantograph 
teaches the coupling plate and after it has left it, suffers from 
the defect that the capacitive effect of the pantograph and 
trolley influences the result when in immediate pr ity. Itis’ 
therefore not entirely suitable for all types of experiment. 


” 
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Fig. 12.—Screened capacitive coupling plate for measurement of 
displacement of contact wire. 


An optical method, in which the shadow of the wire is cast 
‘on to a suitable photo-electric device is being developed, but, 
Ee the first experiments to verify the dynamic performance of 
the model, resort was had to high-speed cinematography which, 
although rather tedious, is quite certain and precise in its results. 
‘A scale was set up behind the model and a film was taken at 
750 frames/sec. This was projected at 16 frames/sec for general 
jJobservation, while accurate measurements were made on indi- 
vidual frames, as required. 


(7) BEHAVIOUR OF THE MODEL 


As stated in Section 1, the model was constructed because of 
the difficulty of making the necessary studies on the full-size 
‘system. Precisely this difficulty is met, of course, when it is 
“desired to obtain assurance of the realistic behaviour of the model 
before proceeding with extensive experimental work. It was 
ae that there nowhere existed full-size equipment exactly 


' similar to the model in respect of straightness, flatness, uniformity 
‘of support spacing, etc., deviations from the ideal arrangement 
‘having always been necessitated by local requirements. The 
ipeoblem was therefore approached with the attitude that there 
| was no reason to doubt the underlying theory of the model or 
the accuracy of its construction, so that, even if only limited 
confirmation were obtainable, it could be used with confidence 
at least to elucidate the general rules of behaviour of the system. 
This, alone, would be a considerable step forward; if agreement 
| in detail could be obtained, it would be even better, but not 
essential at this stage. 
First, tests under static conditions were made by applying 
forces equivalent to 10, 20 or 301b to the contact wire of the 
“simple catenary model at various positions throughout a span, 
and measuring the displacement. The values obtained were 
compared with those deduced theoretically, the theoretical 
‘treatment (which will be reported separately) having already 
been proved accurate by tests on the only similar full-size 
‘equipment available for experiment, but which had, unfor- 
tunately, span lengths rather different from those in the model. 
he results are given in Table 4, where the positions to which 
the measurements or calculations apply are indicated by the 
‘dropper number’. The agreement between the two sets of 
figures is generally very good. 
Next, experimental runs were made on a full-size system and 
compared with equivalent runs on the model. Full-scale 
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Table 4 


VERTICAL DISPLACEMENT OF SIMPLE CATENARY CONTACT 
WIRE PRODUCED BY STATIC FORCES 


Displacement 
Position 10 ib 20 1b 301b 
(dropper number) 
Model | C2leula- | wfodet | Calcula- | yrodes | Caloula- 
in in in in in in 
1 (near support) | 0-38 | 0-36 | 0-90] 0-90 | 1-50 | 1-35 
2 0:90 | 0-96 | 1-80] 1-90 | 2-80 | 2-82 
3 1°30 | 1-34} 2-60 | 2-70 | 3:90 | 4-05 
4 1-39 | 1-65 | 3-20.) 3-30. 4 4-75.) .4-95 
5) 170) le SO MES SO ules Ol ed 2 aloo 
6 (near mid-span) | 1-85 | 1-95 | 3-68 | 3-90 | 5-65 |] 5:85 


measurements of pantograph displacement were made with an 
instrumented test coach, and, from the records which were 
obtained, the displacement of the contact wire at mid-span 
relative to that at the support was deduced at two different train 
speeds. These were compared with the results obtained by 
cinematography in the model, again using simple catenary 
equipment, and the results are given in Table 5. The figures in 


Table 5 


CONTACT-WiRE DISPLACEMENT AT MupD-SPAN, RELATIVE TO 
DISPLACEMENT AT SUPPORTS. SIMPLE CATENARY EQUIP- 
MENT, 240 Fr SPAN 


Contact wire relative displacement 


Train speed 


Model Full-size 


m.p.h. 
10 
20 


30 
40 
50 . 
55 . 3-4,3-8,3-2,4-4 
60 

64 : 2:8, 4:2, 4:0,4°6 
70 


brackets in Table 5 are those interpolated assuming a smooth 
transition between individual values. Displacements in the 
model can be measured to within 1°% and reproducibility is of 
the same order. Such accuracy is not possible on the full-size 
equipment, and the four values given were obtained on four 
adjacent 240ft spans. The wide variation under nominally 
identical conditions well illustrates the difficulty of measurement, 
but it is clear, nevertheless, that the model produces results of 
the correct order and that the agreement between it and the 
prototype can be judged satisfactory. It will be noted that, in 
the model, the relative displacement does not increase regularly 
with speed; the reason for this is not yet understood, but there is 
very little doubt that it is a real phenomenon which further work 
will clarify. 


(8) CONCLUSIONS 
A scale model has been constructed to reproduce the dynamic 
characteristics of full-size overhead equipment for supplying 
power for electric railway traction. 
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The present model is that of an idealized system; it has a 
straight, level track, a contact wire at constant height and equal 
spans. There is no difficulty in installing curves and gradients, 
the contact-wire height can be varied to correspond to the usual 
arrangements at level crossings, under-bridges, etc., and dif- 
ferences in span length can easily be introduced. Variations, 
such as dropper spacing, dropper length, longitudinal tension, 
different types of support, multiple pantographs, etc., present 
no problems. On the other hand, other less obvious factors 
influence the behaviour of the prototype, the two most important 
probably being aerodynamic forces and movements of the 
pantograph initiated by the motion of the vehicle carrying it. 
The procedure will be to ignore such factors in the first place, 
regarding them as influences which modify the behaviour of any 
particular pantograph/overhead-line combination, but which do 
not change its basic laws. 

However, even such factors can be introduced, provided only 
that certain information can be obtained from full-scale equip- 
ment. For example, the effect of speed on pantograph upthrust 
can be measured by wind-tunnel experiments, and, indeed, 
information on the Stone—Faiveley pantograph is already avail- 
able; all that is then necessary is to modify the model pantograph 
so that its pressure is correct in relation to the speed at which 
the particular experiment is conducted. Movements of the wires 
caused by the slipstream of the train are probably small, but they 
can be measured without too much difficulty by running a train, 
using Diesel locomotion and holding the pantograph just out of 
contact; if the movements are significant, mechanical means can 
be used to move the model wires a corresponding amount. 
Similarly, the displacement of the wires caused by wind can be 
reproduced. Vehicle movements due to springing, track irregu- 
larity, wheel slip, etc., are rather more difficult, but, again, if 
full-scale behaviour is known, even in only general terms, it 
should be possible to simulate equivalent movements in the 
model pantograph. 

All this is in the future and very many experiments need to 
be made before such complications are introduced. In the first 
place, the comparative performance of, simple equipment, com- 
pound catenary equipment and stitched equipment (of various 
designs) will be examined over a sufficiently wide range of speeds, 
pantograph pressures and span lengths. The results, apart from 
their factual value, should enable the mathematical theory to be 
advanced, should point the directions in which the designs can 
be improved and should indicate the next most useful avenues 
to explore. It is hoped that a further paper will be presented in 
due course. 
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(10) APPENDIX. MEASUREMENT OF ELASTIC CONSTANTS 


(10.1) Extensibility 


No difficulty arises in the measurement of the extensibility of 
solid wires, such as the full-scale contact wire, but stranded cables 
which have not previously been stressed are not elastic throughout 
the range of stress to which they are subsequently subjected in 
operation. This is a phenomenon associated with the tighten- 
ing of the strands during stressing, and therefore the first measure- 
ments of extensibility for a stranded cable are likely to be high. 
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For this reason, several extensions were carried out on the ful 
scale stranded cables until two consecutive measurements agri 
this usually occurring with the third and fourth extensions. 
terms of Young’s modulus, the values of 16:5, 16-5 a 
13-3 x 10°lb/in? were obtained for contact wire, auxilic 
catenary and main catenary, respectively, showing a mark 
increase in elasticity for the 19-wire cable as compared with t 
solid, but no measurable difference between the solid and the |' 
7-wire. The values for the main catenary may be compared 
with figures given by Stickley* for similar measurements on | 
stranded hard-drawn copper cables, when values of 13-7, 14-7. 
and 13-2 x 10®Ib/in* were obtained for 12-, 19- and 37-wire 
cables, respectively. The figures given in Table 1 are the mean 
of measurements on three samples of each wire; the measure- 
ments on both the full-scale and the model wires were carried 
out by taking extensions over a range of loads. 


(10.2) Flexural Rigidity y 


The measurement of flexural rigidity is not simple. In Bh 
stranded cable, the degree of flexibility is determined by the | (i 
inter-wire pressure, which, in turn, depends on the tension in },\ 
the cable. It is therefore important to measure flexural rigidity | | 
at the tension at which the cable will normally operate. If a |\j 
cable of length Z under a constant tension JT is deflected a ||! 
distance 5 by a transverse force F, then, by taking moments, |(/ 
the equation i} Hi 
th 
BR ao scr UR i 
may be derived,t where M is the bending moment at the point iW 
of application of force F, The solution of this equation is 


| 
Leis 
. . . | 

| 


tanh ie = K(Z-F -— (6) 
where k = 4/(T/B) 


Hence, for constant values of T and L, the ratio 6/F may be 1. 
measured and the flexural rigidity, B, determined. ti 

Eqn. (6) admits only of a graphical solution, and, for the i 
cables measured, the terms L/4 and 76/P are very nearly equal. |. 
The setting up of the tensioned cable is therefore really important; 
the clamps holding the ends of the cable must be parallel, to |) 
satisfy the boundary conditions for eqn. (5), and the point  P | 
support from which bending takes place must be known | 
accurately. 

The measurements on the full-scale cables were made with | 
the cables tensioned vertically in an hydraulic tensile testing | || 
machine, and a range of transverse loads was applied by screw- | 
thread, and the deflections measured by a travelling microscope. | 
The values given in Table 1 are the mean of measurements of 
the three samples. 1h 

The flexural rigidity of stranded cables bears no simple 
relationship to their geometry, so that accurate theoretical 
determination of flexural rigidity is not possible. In the case 
of the solid contact wire, however, such a determination is 
possible, using the expression from beam formulae 


B= EI 


The value of E having been derived as above, the value off 
(the second moment of area) may be calculated about a line 
through the centre of gravity of the wire, by dividing the cross- 
section into relevant portions and summing moments. This 
gives a value of 0-002 83in*, and using E = 16-5 x 10°lb-in?, 


* Stick.ey, G.: ‘Stress-strain Studies of Transmission Line C¥dductors’, Trans- | 
actions of the ‘American I.E.E., 1932, 51, p. 1052. 
TURM, R.: ‘An Analysis of Vibration of Cables and Dampers’, Electrical 
Engineering, 1936, 55, pp. 455 and 673. 


| 


| 
| 
| 


‘ae theoretical flexural rigidity is 4-66 x 10*]b-in?, which agrees 
fith the measured value to within 2°%. 

Although such a treatment is not possible with the stranded 
ables, two limiting values for the second moment of area may 
jie arrived at, depending upon whether it is assumed that the 
sable bends as a whole about a common diameter, or whether 
jhe individual wires bend independently of each other. In the 
latter case, the second moment of area may be calculated from 
he formula 
nid* 


| peeled 
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where n is the number of wires and d is the diameter of each wire 
| On the other hand, if the cable bends as a whole, the second 
moment of area of each layer of wires may be found from the 
formula 


2 
I= — [d? + 2d, + dy] 


where 7 is the number of wires per layer and d, is the inner 
diameter of the layer. Moments of individual layers may be 
summed to give the total value of second moment of area. 

_ The two limits for the 19/083in? cable are 7501b-in? and 
13000lb-in?, and for the 7/083in? cable, 270lb-in? and 
1450lb-in?. The measured values for these cables, 2780 and 
573 lb-in, tend, as might be expected, towards the case where 
wires move individually, the tendency being more marked in 
the cable with the greater number of strands. 

In these measurements, the deflection of the cable, 4, is 
Jependent on two terms, L/4T and (F/TK) tanh KL/4, one of 
which is a function of flexural rigidity and the other not. In 
the case of the contact wire, the term dependent on B is 70% 
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of that dependent on tension alone, but in the case of the main 
and auxiliary catenaries, the proportions are only 15% and 13%, 
respectively. This means that greater errors may be tolerated 
in the value of B,, for the model catenary wires than for the 
model contact wire. 

The necessity for an alternative method of measuring B,,, for 
the model wires is also indicated. For a length of model wire 
1/A times the test lengths on full-scale cables, the percentage 
deflections given above will still hold, but such a length would 
be much too small for carrying out such a test (about 0°75 in). 
As the test length, Z, increases, the term involving B,, becomes 
very small in comparison with FL/4T, and for a minimum 
value of L of main catenary for such a test (say 4 in), it represents 
only 4% of FL/4T. If a variation about the required value of 
B, of +10% is allowed (the figure eventually adopted for both 
model catenaries), these limits would be too small to be detected 
by measurement. In any case, the method used for the full- 
scale cables would have been very tedious and Jaborious for 
checking the characteristics of the 6ft lengths of beaded wires 
for the model. 

Therefore, the method adopted was to treat the ends of each 
6ft length of model wire as a cantilever, and to suspend a load 
on the unsupported extremity. The deflection in such a case 
is given by 
_ We WIP 
wl 3B 8B 


where W, is the applied load, W, is the distributed load due to 
the weight of the sample and / is the length deflected. This 
formula is true only for small deflections, and if the deflection 
is measured from the original position of the sample before 
application of the load, the second term may be ignored. 


) 


DISCUSSION BEFORE THE UTILIZATION SECTION, 16TH MARCH, 1961 


Mr. J. A. Broughall: It has always been one of the misfortunes 
of the traction engineer that the people who design the overhead 
>quipment do not build the pantographs or the locomotives, or 
vice versa. So there is a change of contract, and often a change 
in the responsible engineers, at the very point at which contact 
is essential—namely where hundreds of amperes have to be 
sollected from a wire which is not fixed in space. As Monsieur 
Garreau has said, this is the most impossible piece of switchgear 
sver invented, but it works. 

A number of us have been conscious of this difficulty for some 
‘ime, and I think that the authors will remember a meeting 
which took place in November, 1957, in an attempt to bridge this 
zap and to get nearer the ideal of a perfect pantograph running 
on a perfect wire. 

Dr. Williams then said that he thought he could make a 
nodel of it, and he even suggested the kind of model which he 
aad in mind. One year later he was more definite and said, 
We have worked out the mathematics of it but we are not quite 
sure how to make the model. It can be made either of beads or 
of springs.’ Now he has shown that it can be done. 

The authors have done very valuable work, but a great deal 
1as still to be checked. I am not yet quite convinced that the 
rictional forces in the pantograph and in the moving parts of 
he wire are correctly dimensioned, but time alone will show 
hat. 

This is one of those occasions when it can fairly be claimed 
hat British engineering is in advance of the field in discovering 
why things behave in the way they do. 

Mr. I. M. Holmes: It is stated in the paper that investigations 
nto the effects of variations in temperature will be left until 
ater. Do the authors anticipate any difficulty with conductors 


of different coefficients of linear expansion which differ from 
each other and in combination would be different from the 
full-scale wire? We shall all be most interested in learning the 
results of the various experiments which have still to be made, 
and whether the model has lived up to the authors’ expectations. 

Dr. F. T. Barwell: The paper commences with a description 
of three types of construction—simple, compound and stitched; 
and it is stated quite correctly that the uplift at the centre of the 
span is always greater than that near the supports, although a 
certain improvement can be made by stitched or compound 
construction. 

There are only two points on any catenary which have the 
same reaction to an upward force. A long time ago a com- 
pound construction was used on the Gothard Railway, but it was 
different from those illustrated in that there were only two 
droppers per span from the main catenary and only four from 
the auxiliary to the contact wire. This produced an arrange- 
ment which spread the uplift out uniformly, apart of course from 
the deflection occurring between droppers. 

This design was not prepared for the reason we have in mind, 
but in order to allow for the effects of temperature; the contact 
wire went up and down a great deal with changes in tempera- 
ture but it remained substantially level. With the introduction 
of automatic tensioning, of course, that scheme became obsolete. 

Clearly when the main supports are as much as 240ft apart, 
the dropper spacing would be excessive. However, the addition 
of a fourth wire would provide eight droppers per span as 
opposed to the twelve illustrated in the paper. This could 
probably be compensated by adjustment of contact-wire section 
and tension. I have called this idea the ‘double compound’ 
construction, but recent information from Japan indicates that 
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the principle has been adopted there for speeds up to 150m.p.h., 
and is given the term ‘mesh construction’. An acceptable 
compromise appears to be a stitched compound construction, 
which is achieved by superimposing (c) of Fig. 1 on to (6). The 
argument in favour of this method is based on static considera- 
tions, and the paper makes it possible to introduce evaluation 
of the dynamic effects, which may be more important than static 
deflections. 

Clearly, such a construction would be more expensive but 
might enable a more satisfactory electrical design to be achieved. 
For example, if one of the auxiliary wires were made of non- 
conducting or insulated material, a very adequate creepage path 
would result, and it might be possible to dispense with porcelain 
insulators for the support of the main catenary. 

The dimensional analysis in Section 3 is particularly interest- 
ing and well expressed. A more conventional approach would, 
however, have been to apply the a theory to the problem to 
determine the maximum number of non-dimensional para- 
meters governing the situation. It is clear from the treatment 
in the paper that one of these would be the Froude number, 
which is satisfied by the scaling factors used, but, in addition, 
something analogous to the Mach number, and possibly even a 
new number, would be required to take account of the elasticity 
and flexural effects. 

It would be interesting to have the authors’ comments on the 
relative importance of the factors they have scaled. At first 
sight, it does not appear that flexural rigidity would account 
for much of the energy involved in the response of the full-scale 
equipment, but, of course, the authors were very wise in going 
to so much trouble to ensure that, in the model, flexural effects 
did not become disproportionately large. 

In the Appendix, a little more information might have been 
given about the method of measuring the flexural rigidity of the 
samples. In measuring this quantity with unconventional 
materials, I had tended to avoid the cantilever method; the 
reason for this is that the important independent variable in 
the determination, namely the bending moment, increases 
linearly along the specimen and reaches its maximum only at 
the point of clamping. Clamping effects, which may therefore 
distort the sample, will have an undue effect on the total 
deflection. 

By means of a simple 4-point loading, it is possible to subject 
a considerable length of the specimen to a constant bending 
moment and to measure its radius of curvature. This has 
a useful averaging effect and may be expected to give more 
reproducible results. It also has the advantage that shearing 
forces are not applied to the test length, and, in this con- 
nection, eqns. (5) and (6) are incomplete in so far as they neglect 
the deflection due to shearing. In conventional structural 
engineering, these terms are small and can be conveniently 
neglected, but it would be reassuring if the authors could sub- 
stantiate that this is also true for their rather unconventional 
construction. 

Whilst the authors are to be congratulated on applying the 
- principle of dynamic similitude to the problem, I should not like 
it to be thought that the design problems of overhead equipment 
can all be solved by these means. The value of the model is that 
it can enable variations to be made more readily than on the 
full-scale version, and, indeed, over a range which might be 
unrealistic, thereby enabling proper weight to be given to the 
various terms which must appear in a complete mathematical 
treatment of the subject. Nevertheless, there are many impor- 
tant quantities which cannot be reproduced on the model. 
First, the effect of side winds; secondly, the detailed lateral 
motion of a vehicle at speed; thirdly, the dynamic and electrical 
behaviour of detailed fittings such as section insulators; and 
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fourthly, the damping characteristics of the overhead coat 
struction and its supports. This is important as it is quite lik 
that a further advance in design may arise from the deliberate | 
introduction of damping to the overhead construction. Full | 
scale testing is therefore essential, and the value of the model lies | 
in reducing the time and labour so required, but it will | 
limited practical utility in the absence thereof. 

Mr. W. Holttum: In spite of the careful determination of | 
dimensions for the model, I have some doubts as to the adequacy 
of reproduction of practical conditions. Track irregularities — 
must be a vital factor, and the difficulty of copying these is | 
scarcely disposed of by the remarks in Section 8. | 

The Introduction gives the reason for employing the model | 
technique, but there are other considerations. The desirable | 
features of a current-collection system are well known, and it | 
is difficult to visualize how a model will throw further light on | 
them or how to achieve them. A section insulator will always 
be a hard spot, and all that can be done is to make it as light as_ | 
possible. Practical trial is the final criterion of success, whatever | 
the difficulty of making observations. Generally, the beneficial 
nature of any change will be self-evident, and the only way of | 
assessing its effectiveness is practical use. It is not apparent 
that there are critical values which a model will help to deter- — 
mine. However, perhaps I do not appreciate certain aspects. — 
Can the authors give a few examples of specific problems for — 
which it is considered that the model will be a more convenient 
method of investigation than observation on a railway? 

Mr. E. E. Chapman (communicated): At present, the only | 
comparative results between experiments on the model and the _ 
behaviour of full-size equipment under dynamic conditions are | 
indicated in Table 5. It would be helpful if the authors would | 
give some indication as to how the figures for relative contact- 
wire displacement at mid-span and at the supports were estab- | 
lished from the test coach. Was any stationary measuring I 
equipment used at the line side in addition to the equipment on 
the coach? 

With regard to the next phase of experimental work which the 
authors propose to undertake, I would like to make a plea that _ 
the effect of section insulators should be explored at an early | 
date. As indicated in the paper, the inclusion of section insula- _ 
tors in the light-weight 25kV overhead system now being used 
in this country results in far greater variations in the rigidity of 
the line than apply to systems designed for lower voltages. 
Additionally, since it is already the practice in this country to 
run multiple-unit trains using more than one pantograph, the © 
use of the model to examine the interaction of the line and the 
pantographs under these conditions would be very valuable. In — 
particular, an investigation into the effect of more than one 
pantograph on a train traversing a number of section insulators _ 
in series which occurs in a neutral section could contribute 
greatly to a better understanding of the arduous conditions which 
can arise in actual operation. 

Finally, while fully recognizing the authors’ ingenuity in 
scaling the pantograph, there appears to be an important differ- 
ence between the model and the full-size unit. As stated in the 
paper, the collector head is supported on rubber mountings, and 
it will presumably be difficult to simulate the effect of these, 
under dynamic conditions, by the leaf springs used in the model 
as mentioned in Section 4.6. In particular, the rubber suspen- 
sion members in the full-size pantograph are arranged to ensure 
that the virtual centre of rotation of the collector head is at, or 
slightly above, the contact wire. Such differences between 
the model and the actual equipment do not, of course, invalidate 
the important results, which will no doubt be obtained from | 
experiments with the model, but some caution may be necessary ~ 
in the interpretation of these results because of such differences. 


} Fig. A.—Contact-wire uplift on passage of a pantograph. 
Stitched catenary equipment, 200ft span. 
Uplift at mid-span: approximately 113/85 ft. 


G) Train speed: 63 m.p.h. approximately. 
(ii) Train speed: 71m.p.h. approximately. 


Eight-car multiple-unit stock using two pantographs. 
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Fig. B.—Contact-wire uplift (maximum) on passage of pantograph. 


(i) Stitched catenary equipment 200 ft span. 
Uplift at mid-span: approximately 115/85 ft. 


(ii) Stitched catenary equipment. 


x Uplift at structures between spans of 200/190 ft. 
© Uplift at structures between spans of 190/180 ft. 


(iii) Simple catenary equipment. 


A Uplift at structure between spans of 170/150 ft. 


Messrs. R. G. Sell and D. R. Edwards (communicated): We 
ive been concerned with the development and application of 
st methods for measuring the performance of overhead 
ntact-wire equipment, and consequently we fully appreciate 
e authors’ remarks about the difficulties involved when this 
is to be done on a line energized at 25kV and with a public 
rvice running. 

After some preliminary tests, apparatus was installed on the 
bintster-Clacton_Walton line just over a year ago. This 
is been briefly described,* and it is hoped that a more com- 
ete statement may be made at a later date. 


* BARWELL, F. T.: ‘Research for A.C. Traction’, British Railways Electrification 


riference, 1960, Paper No. 11. 
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The work has been directed mainly towards the study of 
particular features of the equipment, e.g. low bridge equipment, 
overlaps and neutral sections, and we think the authors may 
agree that, for such features, measurements will be easier on 
full-scale equipment and would present particular difficulties in a 
model. Although we had the advantage of having a railway 
ready made for these tests, we had to accept all the random 
variables that inevitably must occur, and the limitations imposed 
by normal operating conditions. For example, friction at 
supports is an unknown and not negligible factor on the full-size 
equipment, whereas it appears to have been virtually eliminated 
on the model. 

However, there appear to be some interesting comparisons 
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to be made with our results in respect of waveshape and frequen- 
cies, and maximum uplift/speed characteristics. 

Fig. A illustrates a typical record of contact-wire uplift in a 
span 200ft long of stitched catenary equipment at a point 
115-85 ft from adjacent supports where a structure was available 
to carry the measuring transducer. The waves preceding the 
pantograph and subsequent oscillations of the contact wire will 
be noted, with their high- and low-frequency components, the 
latter being of the order of 0-8c/s. More data are required 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Messrs. D. S. Farr and H. C. Hall, and Dr. A. L. Williams 
(in reply): We are grateful to the contributors for their valuable 
comments. First, to answer a general question posed by more 
than one of them, we certainly do not believe that models will 
obviate the need for full-scale testing. We are convinced, 
however, that such costly and difficult testing can be very much 
reduced and, further, that studies with idealized models will 
greatly facilitate the interpretation of full-scale results. 

Mr. Broughall refers to the effects of friction (which we have 
tried to avoid in the models), and reference is also made to 
other complicating factors. We can only repeat that we regard 
all of these as influences which may modify the behaviour of 
a system, but which do not change its basic laws, which we hope 
to establish. 

Mr. Holmes asks about the investigation of the effects of 
variations of temperature. If necessary, these effects will be 
studied by using electrical heating in each wire (catenaries or 
contact wire) separately, so as to produce such temperature 
rises in each as will give the same proportional extensions that 
arise with a given temperature increase in the prototype. 

Dr. Barwell’s comments on dimensional analysis are interest- 
ing, and it is true that the more conventional approach which he 
seems to favour might have been followed. However, we do 
not think that any material advantage would have been gained 
in this way. He asks us to comment upon the relative impor- 
tance of the factors which we have scaled. The most important 
are mass and extensibility, and it is true that flexural rigidity is 
of considerably less importance. Morse* shows that the effect 

* Morse, P. M.: ‘Vibration and Sound’ (McGraw Hill), p. 170. 


to complete the uplift/speed curves shown in Fig. B, but ther 
evidence of an inflected curve, and the reduced resilience 
supports without stitch wires is clearly seen by compa 
curves (ii) and (iii). 
The authors have deviséd a technique which is likely’ 
provide a short cut in the study of design parameters, but 
ultimate criterion is what happens to the full-size equip 
Would the authors agree that the model must be regarded 
ancillary to, rather than a replacement for, full-scale testing? — 


of flexural rigidity upon the frequency of transverse waves i 
line of length / depends upon whether this quantity is negligible 
as compared with /?7, where T is the tension in the line. 
our model contact wire, the flexural rigidity is 0-035 51b-i 
while, for the shortest unclamped length, the spacing betw 
droppers, /, is approximately 7in, and /?T ~ 801b-in2. 

We are indebted to Dr. Barwell for pointing out his method’ 
of measurement of flexural rigidity. There seems no doubt tha is 
this method would give rather more accurate results, but moh { 


at the cost of increased testing time and complication of 
equipment. With regard to the other points, it seems quite), 
possible to scale wind effects and lateral motion of the vehi 
(so long as it can be specified). The effect of the inclusion 
section insulators or similar fittings, referred to also by Messi fe 
Holttum and Chapman, is an important item in our future * 
programme. With damping, again, there seems no reason why ° 
this cannot be studied, and this is, in fact, currently una 
consideration. 

The measurements and curves produced by Messrs. Sell ail | 
Edwards are very interesting indeed. We note with satisfaction 
that they find on the full-scale system a low-frequency component | 
of oscillation of the order 0-8c/s, which would correspond to « 
4-5c/s in the model. We actually find such a component ata ! 
frequency of approximately 4c/s. y 

In reply to Mr. Chapman, measurements in the test coach I 
were made by recording the vertical movement of a light rod’ 
attached to the pantograph-head and passing through the roof \ 
of the coach. No track-side equipment was used. a 
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SUMMARY 

The paper examines the need for a period of formal post-graduate 
udy by electrical engineers who will be concerned with research and 
svelopment work in industry, as an integral part of their training. 
is concluded that the need is real, and that study should be deferred 
4 a year after graduation. Study courses can with advantage be 
‘ganized co-operatively by an academic institution and local industry, 
ad should be held at the academic institution. The possibilities of 
full-time full-sessional course, a full-time course lasting about one 
rm, and a part-time course are considered. The advantages, both 
lucational and practical, are discussed and it is concluded that the 
ational and industrial need is best met by the full-time one-term 
yurse. The problems this involves for the academic institution are 
ysidered, particularly in the recruitment of part-time lecturers from 
dustry and the granting to them of some official status within the 
‘ademic institution. The conclusions are illustrated by reference to 
course with which the authors are concerned. 


(1) INTRODUCTION 


It is widely held that, under modern conditions, the normal 
idergraduate course of three years’ duration is inadequate, and 
at some further period of formal study is required in addition 
| the practical training provided by an apprenticeship.!~° 
here is, however, by no means any equally accepted view of the 
rm which such study should take. It is perhaps for this reason 
at attempts to provide formal courses of post-graduate study, 
distinct from research, have been relatively few and have met 
ith varying success. 

The paper is a review of some of the problems involved in 
e organization of post-graduate courses and is largely based 
1 the authors’ experience with such a course. This course will 
- briefly described, not necessarily as a pattern for universal 
nulation, but as an example. The paper is presented in the 
ype that it will provide a basis for discussion to the advantage 
all concerned. 

It should be recognized at the outset that a man’s need for 
st-graduate study will depend very much on the particular 
pect of the wide field of electrical engineering which is to 
gage his attention. The number of different types of course 
lich could be conceived is great. To render the subject 
anageable, and to focus attention on a type of course for 
lich the need is great, consideration is restricted to the needs of 
2n who will subsequently find employment in the research, 
velopment and design activities of industry. Such men will 
ve attained the standard of an honours degree, and most will, 
fact, be university graduates with first or second class degrees. 
ie needs of those who will be concerned with the production 
d- commercial sections of industry are not considered. 
ually, the requirements of those proceeding to a higher 
pree, with the intention of entering industry later or of pur- 
ing an academic career, are outside the scope of the paper: 


' Mr. Hancock is at the Manchester College of Science and Technology. 
Mr. Taylor is with A.E.I.( Manchester), Ltd. 


these are a minority and the urgent need at the present time is 
to provide for the majority. Short ad hoc courses on special 
subjects of topical interest do not offer a solution, although they 
will continue to have their own place in the scheme of things. 
The paper is concerned with the increasing need for regular 
courses, available annually, which should come to form part 
of the general pattern of the education of no small number of 
professional electrical engineers. 


(2) THE NEED FOR POST-GRADUATE STUDY COURSES 


Even at this late stage it seems appropriate to begin with the 
query, ‘Are 3-year undergraduate courses really inadequate?’ 
The argument frequently employed—that engineering courses 
in some other countries last four or even five years—is irrelevant 
unless accompanied by a detailed discussion of the content and 
standard of such courses and the educational background against 
which they are set. Too often such discussion is lacking, and one 
suspects that much of the argument which arises when com- 
parisons are drawn between practices in this country and oversea, 
particularly in a political context, is due to that lack. Moreover, 
it is insufficient to discuss only the educational background: the 
industrial climate for which the students are being prepared is 
equally important. It would seem to be more fundamental to 
consider the needs of the student himself. This should appeal 
to our preference for the pragmatical approach to the solution 
of problems such as this, and also to our belief that in the long 
run it is the man himself who is important rather than the system. 

One feels much sympathy with the newly fledged graduate 
who is perhaps dismayed to find that three years of hard work 
are not enough, and that a further period of formal study is 
required of him. Why, he may well ask, cannot a 3-year 
engineering degree course be so arranged that it fits him to make 
an immediate contribution, even if a modest one, to the research, 
development or design activities of the firm he joins? To a 
certain extent, of course, it does, because it conveys to him a 
measure of the factual sort of information on which his firm’s 
activities are based. But strictly speaking this is not the object 
or purpose of a university education. The first concern of a 
university must be to develop and train a man’s mind, to 
inculcate habits of critical inquiry, of careful observation and 
logical deduction, and to develop in him the ability to learn for 
himself. It will convey facts in the course of such training, but 
the facts are of use principally as means to this end. They 
should not, at this stage, be considered as ends in themselves. 
This is not to say, of course, that any facts will do. Other things 
being equal, the information conveyed should be topical and 
pertinent to the world of engineering thought and practice as it 
currently exists. Every teacher and lecturer worth his salt tries 
constantly to keep the factual content of his course up-to-date, 
provided only that its logical structure is not thereby impaired. 
It is one of the fascinations of the teacher’s work that he must 
constantly keep himself abreast of current developments, he 
must distil from them what is significant and fundamental, 
discard what is of only ephemeral interest and must carefully 
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build the new material into the structure of his courses. In 
particular, he must constantly resist the outside pressures that 
are brought to bear on him to include this or that topic either 
if it is merely fashionable or if its sole purpose is to make a 
graduate more immediately useful to an employer. It may well 
be that, if there were more vigorous educational research into 
the matter, a 3-year course could be made to encompass more 
of the significant material than it does at present without any 
loss of its fundamental character. The fact is, however, that as 
things now exist, there is available a greater body of distilled 
knowledge than can be conveyed in a 3-year course. 

Nevertheless, the graduate may well ask why, if a 3-year 
undergraduate course has properly trained his mind to learn, 
he may not be allowed to find out for himself what he subse- 
quently needs to know? There is no doubt, judging from the 
number of graduates who have entered employment without 
having any opportunity for post-graduate study, that, up to a 
point, the method seems to work. But it has always been 
inefficient, and has become quite inadequate with the enormous 
growth of technical knowledge. It would seem reasonable to 
suppose that, if a coherent body of knowledge, i.e. theory, exists, 
it is more efficient to convey it by a period of formal instruction 
and study than to rely on unguided, perhaps misguided, private 
study. Of course, there exists the brilliant man who much 
prefers to work on his own and feels stifled by study to an 
imposed programme; but such men will come to the fore how- 
ever much they have been educationally mishandled. In any 
case, they are very much in a minority, and when discussing 
formal programmes of education one must legislate for a 
reasonable majority. The problem of today is not so much 
to improve the education of the brilliant man as to provide 
better opportunities and facilities for those of average-to-good 
abilities, who will certainly benefit from assistance. This is not 
merely a question of trying to impose a tidy pattern on post- 
graduate education; it is a question of economics. The difficulty 
is to prove it, or rather to convince some people that some 
formalization of post-graduate study is economically desirable. 
The costs of the amount of wasted effort in unguided private 
study are hidden; the expenditure required to mount formal 
courses is plain for all to see. Since scientifically acceptable 
proof is thus hard to acquire, the institution of formal courses 
must to some extent be an act of faith. This is no new thing in 
education: the road of educational progress is lit by many acts 
of faith of far-sighted men. 

Granted, then, that a period of formal post-graduate study 
is desirable, three main questions have to be answered. When 
in a student’s life should it occur? Where and by whom should 
it be run? How long should it last? 


(3) THE TIMING OF POST-GRADUATE STUDY 


‘When’ in this connection means ‘should post-graduate study 
follow immediately on graduation, or should it be deferred for 
a period of time; and if the latter, how long should be the 
deferment?’ 

It is sometimes argued that there are advantages in making 
the post-graduate study follow immediately after graduation. 
The educational pattern is somewhat tidier; there is no break 
in which the student’s facility in learning might deteriorate, and 
formal study is complete before the start of the student’s period 
of practical training. For the small employer it has the attrac- 
tion that it absolves him from any financial responsibility during 
the period of study. There is the very real difficulty with the 
alternative of deferred study that the student has a great financial 
disincentive to return to study unless his employer continues 
his salary or at least supplements any other grant he may get. 
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fancied, in immediate post-graduate study, namely that he 
little evidence that such study is to his ultimate financial adye 
tage in that an employer will pay him more than if he does m 
so study. Furthermore, there is the suspicion that the o 


ment directly after graduation. This may or may not be tru 2, 
but in this case the reality is the impression in the man’s mini a 
If the impression is widespread few men will choose to enter | 
such post-graduate courses, in spite of the availability of grants 


poorly supported. For the men with whom this paper is con- 
cerned the only acceptable arrangement seems to be that a | f 
period of post-graduate study should form an accepted 
integral part of a 2-year apprenticeship. i, 

On the other hand, there are great educational advantages a: A 
deferring study for a period of about one year after graduation,  ,, 
For purely practical reasons, post-graduate courses must tel, 
restricted to those who really need them and have shown that 
they would benefit from them. If post-graduate COUTSES 
immediately follow graduation, there is the danger that they ‘ 
will be overloaded by some men who for various reasons should I; 
not have been allowed to take them. Furthermore, electrical|| 
engineering is now so wide a subject that some specialization in li 
post-graduate study is necessary, and it would be pure specula- 
tion for the student to embark on such specialized study before | 
he has had, if not a specific offer of employment i ina particular | 
field, at least sufficient experience such as is offered by an’ 
apprenticeship to guide him in his choice. Admittedly many 
undergraduate courses now offer some choice of specializations 
in the third year, so that the student may have some idea of 
what he would like to do, but it is arguable that specialization 
at the undergraduate level is undesirable. Certainly it should 
not be introduced, directly or indirectly, solely as the result of 
the sort of outside pressure mentioned earlier. 

The greatest advantage of deferment is to the student himself, 
Every year at that stage of his development brings a marked 
increase in maturity, as a result of which further study becomes 
more effective and valuable. It is not unknown that men who 
have achieved only ordinary degrees have, under the stimulus 
of exposure for the first time to practical engineering, found 
their feet and profited greatly from post-graduate study to which) | 
they have subsequently returned. For these men particularly, 
the break of one year provides a valuable opportunity to con-) 
solidate what they have learnt in their undergraduate years. 

There is a further reason for advocating deferment. If the 
period of post-graduate study follows immediately on gradua- 
tion and is held at the university, there is the possibility that it 
will come to be regarded by staff and students, consciously of 
unconsciously, merely as an extension in time of the under- 
graduate studies, whereas it should be an extension in attitude 
and mode of thought. It was suggested above that, in under- 
graduate study, facts are really less important than the ideas 
for which they form a vehicle. In post-graduate study they 
must be considered as important in themselves, even though 
they are presented in the coherent form of a theory. There is 
really no dichotomy between theory and practice, no clash 
between the classroom and the design office, if one subscribes to 
Boltzmann’s remark that ‘there is nothing more practical than 
a good theory’. 

More subtle—and in the long run more important—is the 
difference in the modes of thought appropriate to undergraduate 
and post-graduate study. One object of the lattes should be to 
help the student in his transition from undergraduate life to his 
life as a productive, creative engineer. The modes of thought 
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ppropriate to the latter are in many respects different from, 
nd additional to, the ones he has been accustomed to in his 
ndergraduate career. The latter is largely inquisitive, deductive, 
nalytic; creative thought is this, but is also much more. Analysis 
iroceeds from specified beginnings by logical deduction to an 
inknown end. With creative design the end is specified, but 
he beginnings are not, except in a general manner as the totality 
f a designer’s experience. In so far as it is possible to sys- 
ematize the creative process, it would seem that the designer 
as to shuffle and reshuffle the facts of his experience into 
lifferent patterns until there comes the inductive mental leap at 
he true moment of creation—the recognition of a pattern which 
its his needs. Creative thought is both inductive and synthetic. 
[he wider the designer’s experience, the more complicated are the 
yatterns of fact he can comprehend, the more acute are his 
nductive mental powers; then the better is his creative ability. 
Some flavour of this should surely be imparted in a post-graduate 
ourse; and if it is, the more necessary it is for the student to have 
ome period after graduation in which to widen his experience, 
or otherwise he will not really be able to relish the flavour. 

’ Now that a preference for deferment of further study has been 
sxpressed it will be apparent why no consideration has been 
ziven to the direct extension of undergraduate courses to 
four years. 


4) THE LOCATION OF POST-GRADUATE STUDY COURSES 


Study courses may be held either at an academic institution 

or, where the organization is large enough, at the employer’s 
works. It is difficult to think of any arguments in favour of the 
latter, and even a large organization would find it difficult to 
invest in all the facilities required and to make available the 
staff to run it. It would certainly be impossible for any but the 
largest organizations. 
' On the other hand, the basic facilities—lecture rooms, labora- 
tories, library, etc., are available at an academic institution, 
together with the needful administrative services. The principal 
capital expenditure required would be restricted to laboratory 
equipment appropriate to a post-graduate course. The recurring 
annual expenditure is briefly referred to later. There is the 
advantage that much of the teaching will be done by academic 
staff. It is to be expected that academic staff, whose profession 
it is, will usually be better at organizing and presenting the 
material content of their lectures than men with less teaching 
experience. This applies particularly where a continuous logical 
exposition of theory is involved. From the point of view of the 
staff themselves there is the advantage that they are presented 
with the opportunity to master, and to develop methods of 
exposition of, topics which are more advanced than are necessary 
for undergraduate work. This should not only be satisfying in 
itself, but should also benefit—even if indirectly—their under- 
graduate work. 

It may well be, however, that for reasons discussed later the 
academic staff will be unable to handle the whole teaching load 
and will have to be supported by men from industry. This 
should be an advantage to both. Lecturers from industry bring 
to the classroom a welcome contact with reality and an acute 
awareness of current problems, to the solution of which the 
students themselves should be making a contribution in a very 
short time. The contacts between academic staff and industrial 
lecturers outside the classroom should help greatly to foster 
fruitful relations. The effort required for the busy industrial 
lecturer to prepare his material is admittedly great, but those 
who have made the effort will surely agree that the mental 
discipline involved brings its own reward in a broader grasp of 
principles and a clearer understanding of detail. 

From the national aspect there are overriding advantages in 
~ Vox. 108, Part A. | 
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organizing post-graduate courses at academic institutions. The 
courses are then open to the employees of all firms alike, whereas 
otherwise they would naturally be restricted to a firm’s own 
employees. The importance of this to the smaller firms and their 
employees is obvious. There are economic advantages: the 
number of men from one firm, even a large one, attending a 
course may scarcely justify the expense, particularly when this 
number is split between several specializations. If the courses 
can draw their students from a number of firms, the size of class 
becomes more economic and it also becomes possible to provide 
for the number of men who, from a national point of view, 
should be taking post-graduate courses. This is not to say that 
every. university or college of advanced technology should 
provide such courses; they should probably be confined to a 
few strategically distributed to meet the needs of the country. 

With courses organized at educational establishments it 
becomes possible to recruit the industrial lecturers from a wider 
field than with courses organized by an individual firm. Within 
a single firm, even the largest, it is difficult to find a sufficient 
number of men who combine all the qualities needed to make 
good lecturers at this level. Good men, as they must be, are 
invariably very busy. 

It is suggested, then, that the proper home for post-graduate 
courses is the university, that they should form an essential part 
of industrial apprenticeship schemes, and therefore require 
co-operation between university and industry. This raises two 
important points. The first is that the co-operation must be not 
only close but also cordial, since, in the last analysis, success 
depends so much on the personalities of the people running the 
courses, however good the formal structure of any organiza- 
tional arrangements created. To this end it is desirable that 
some representative or representatives of the industrial concerns 
co-operating in the organization of the courses should have 
some official status in the academic institution. The course to 
be described later runs with comparative smoothness, which the 
authors attribute in no small measure to the fact that the one of 
them representing an industrial concern also has an official 
academic appointment as a Special Lecturer. This is an active, 
not merely a nominal appointment; for example, he is also con- 
cerned with some undergraduate teaching. Such appointments 
are not usual in British universities, although commoner over- 
sea, but their value cannot be doubted. Another contributing 
factor is that both authors have a combination of industrial and 
academic experience. 

The second point is that of finance. When a course is 
organized by the employer, finance is obviously a private matter; 
but when a university organizes the course, the problem is more 
involved. It becomes a matter for discussion how the total cost 
of the course should equitably be shared by employer and 
university. The total cost includes the students’ salaries while 
they attend the course, the running expenses such as the fees 
paid to external lecturers and a reasonable proportion of the 
salaries of the university staff engaged on the course and the 
university overhead charges, and a reasonable proportion of the 
cost of the capital laboratory equipment. It is also a matter for 
discussion as to the appropriate sources on which the university 
should draw for its share of the cost. The authors offer no 
views on these matters in the paper, in the belief that it is essential 
to make sure that the educational need has been properly 
assessed and the proper method of satisfying it has been found 
before it can become clear what the actual cost would be, let 
alone how it should be met. 


(5) THE DURATION OF THE COURSES 
How long should a course of formal post-graduate study last? 
The short answer is ‘as long as possible’: there is no shortage 
15 
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of material to be included in such courses. The practical 
answer is ‘for as long as industry is prepared to release the 
students’, 

There seem to be three main possibilities: a full-time course 
of normal duration, i.e. one university session; a full-time course 
of shorter duration, say one term; and a part-time course of, 
say, one day per week throughout a session. 

Full-time full-sessional post-graduate study courses have been 
available in one or two institutions for some time. They evidently 
meet a need because they have continued for so long; but just 
as evidently they do not meet a general demand from industry, 
because if they did they would be offered by a greater number of 
institutions. They do not meet a national need, because the 
number of men taking them is relatively small. The reason for 
this, at least in part, must be the lack until recently of grants in 
any significant numbers which would attract students to take 
such courses. The financial pressure on a man to enter industry 
directly after graduation has been great. The chance that he 
would return on his own initiative to post-graduate study after 
a short period in industry has been very small, while the number 
of men who have been encouraged by industry to return, and 
have been paid to do so, has also been small. The reason is not 
far to seek: it is quite unrealistic to suppose that at the present 
time the electrical engineering industry is prepared to release 
men in any significant numbers for a full academic session, while 
continuing to pay their salaries and possibly fees as well. When 
it has been done, it has been only in special individual cases. 
It would be an impossible financial burden if the practice were 
extended to include all the men for whom post-graduate study 
of some sort is desirable. In addition, industry has not in 
general been satisfied that the time available in a full session 
has been used to the best advantage. Usually the proportion 
of time occupied by actual lectures and laboratory classes is 
about the same as in undergraduate work, with the remainder 
occupied by private study and project work. Industry con- 
siders this to be inappropriate. If, the argument runs, a man 
has had proper mental training in his undergraduate days, 
there is not the same need for the periods of private study which 
are admittedly necessary at the undergraduate stage. At a 
post-graduate stage, and taking into account the change in 
outlook in post-graduate study which was discussed earlier, it 
should be possible for a course to be more intensive and last 
for a shorter period without any substantial educational disad- 
vantage, particularly since the men can digest the information 
conveyed after they have returned to industrial work. The 
value of experimental project work is also doubted. Ostensibly 
its purpose is to give the student an introduction to creative, as 


opposed to analytical, work; but in this it would seem to usurp ° 


one of the avowed functions of an apprenticeship. (Design 
study work conducted on the tutoria] system is a different 
matter.) Moreover, the conditions under which project work 
is undertaken—the student working individually, with very 
limited resources and workshop facilities, for a relatively short 
and disjointed period of time—are not representative of the best 
industrial practice. 

The recent introduction of grants on a substantial scale for 
full-sessional post-graduate study merits consideration at this 
point, because the scale of the grants is intended to be such 
that (allowing for income tax) they are not incomparable with 
the salary of a graduate apprentice. Coupled with the fact that 
a year’s post-graduate course may possibly result in the award 
of a degree or diploma by examination, the incentives may now 
be sufficient to induce some men to take these grants. It appears 
that some universities think that they will, since they now offer 
post-graduate study courses. Two questions arise. Are such 
courses educationally desirable? _Do they meet the needs of the 
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students of the type considered in the paper? As to the educa- 
tional desirability, the arguments in favour of deferring po 
graduate study for at least a year after graduation still stan 
but one is afraid that the tendency with the new grants will 
for the study to follow immediately on graduation. And if 
does, one wonders whether the student will thereafter 
prepared to undertake the two years’ practical training provid 
by an apprenticeship which so far The Institution has regard 
as necessary for the professional electrical engineer. 
consequences of this we need not discuss further here. 

The alternative is that a man should undertake an apprentice= |, 
ship immediately after graduation and then return to the univer- Mp 
sity for a year’s study. This might be suitable for men whi 
wish to make their careers in the academic world, but will hardly 
appeal to those who wish to stay in industry. Moreover, the 
arguments in favour of shorter, more intensive, post-graduate { 
courses still stand, so one is bound to| ask whether public |. 
expenditure on full-sessional courses is the most economical i lh 
method of achieving the declared aim, namely the provision of | , 
greater numbers of men who have studied at post-graduate | , 
level. Certainly, if the scheme is to provide the numbers which | in 
are required from a national point of view, it is going to be very — i 
expensive. One is driven to the conclusion that the scheme will, 
meet the needs of only the comparatively small number of men |, 
who wish to undertake a lot of post-graduate study (and one I 
questions whether they will be able to keep up for a whole i 
session the intensive study that this implies). It will not meet , 
the needs of the men considered here. The danger is that, by |, 
focusing attention on the usual full-sessional pattern of courses, | ,. 
it will make universities less willing to accept the view of industry | , 
that at the present time post-graduate study should be relatively 
intensive for a period shorter than a full session. 

It is natural that universities should question this view. 
The pattern of sessional arrangements has worked well for a 
long time past, at least at the undergraduate level. If some 
other pattern is to be superimposed upon it, there may arise } , 
great organizational difficulties, particularly in staffing. Pre- | 
cisely what these difficulties will be depends on which of the 
two remaining alternatives for the form of the post-graduate | 
course is chosen. 

Consider the possibility of part-time study, e.g. one full day 
per week. With such an arrangement it is possible, without too” 
great hardship for the students, to make the day’s study intensive, 
allowing the intervening week for reflection, homework and 
so on. It is easier to fit in the required lectures with the other 
commitments of the staff, and there is no peak load on them. |). 
In fact, the course to be described below was originally run in }), 
this form, but recently the logic of events has forced a change 
to the other possible form of a short full-time course, and 
experience now shows that the advantages of the part-time 
course are more apparent than real. For the student the inter- 
ruption of his study by the intervening days spent in the works 
disturbs the thread of his thought, and time must be spent each 
week in recalling what has gone before. Equally, his industrial 
work is interrupted. Experience has indicated that the students 
prefer, and work better with, an uninterrupted period of study. 

From the aspect of the academic staff there is the danger that 
part-time extra commitments will be regarded as additional to, 
and outside the scope of, normal university activities. Faced 
with the difficulty of obtaining extra staff, the natural reaction 
of university authorities would be to ask existing staff to shoulder 
the extra burden, possibly in consideration for some special 
fees paid for out of the revenues from the course. This approach 
is to be deprecated, for two reasons. In the first place the extra | 
work must inevitably detract from the essential non-lecturing 
activities of the staff, such as research. In the second place it is 
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ie purpose of the paper to inquire to what extent and in what 
orm some post+graduate study should become a normal part 
f the development of the professional electrical engineer. As 
ach, post-graduate courses should be recognized by both 
taff and university authorities as an integral part of university 
ietivity and a logical extension of undergraduate work. Such 
in attitude is difficult to engender with part-time courses, but 
he authors firmly believe that only if this attitude is adopted 
vill the quality of the courses be such as to meet the needs of 
lhe case. If a post-graduate course is undertaken, extra staff 
must be recruited as necessary so that the annual load on any 
nan does not exceed that which is proper. 
Even if extra staff are appointed so that the total individual 
oad remains the same there is not, with a part-time course, the 
idvantage that a full-time course offers. The peak load on the 
itaff is much greater, but if the total annual load on any one 
member is held censtant, he will be correspondingly lightly 
oaded during the rest of the year and his other activities, such 
is research, will be less interrupted. The peak load on the 
staff nevertheless remains a difficulty, and it is still necessary 
hat the load should be lightened by lecturers from industry. 
However, with a full-time course there is a greater flexibility in 
he arrangement of the time-table, and it may be more easily 
jossible to arrange that the timing of an industrial lecturer’s 
seriods suits his wishes. It would seem that, on balance, such 
4 man would prefer to give his quota of lectures within a short 
space of time rather than to have a regular commitment on one 
Jay per week extending possibly over a long period—an arrange- 
ment which does not always fit in easily with industrial 
commitments. 

There are two important administrative reasons in favour of 
1 full-time course. In a large industrial organization with 
factories in several different parts of the country it is necessary 
fo post the apprentices for certain periods of their training away 
irom the parent factory. If a substantial number of them have 
io be held at the parent factory for a long period, because of a 
mne-day-per-week commitment, it becomes extremely difficult 
(0 operate the posting system. There is, moreover, the likeli- 
food that the apprentice himself will receive a less wide and 
varied practical experience. This argument does not apply to 
the smaller single-factory firm which is also sending men on 
the course. If, however, co-operative apprenticeship schemes 
among small firms in a locality became commoner, it is con- 
seivable that they would be easier to organize if the period of 
academic study were continuous rather than part-time. The 
second reason is that a part-time course restricts its catchment 
area to those students living within daily travelling distance. 
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For economic reasons it may be that relatively few universities 
will be able to offer courses, and their catchment areas must be 
correspondingly wide. A full-time course is then the only 
possibility, the students coming to live locally for the duration 
of the course. 

There remains the question of the time of year at which 
the course should be held, and this may depend on local con- 
ditions. For example, if a university serves a wide area so that 
an appreciable number of students come from a distance, it 
may be considered preferable to hold the course during a 
vacation, when rooms are more readily available in halls of 
residence. There is then also less pressure on the lecture room 
and laboratory accommodation. But with any vacation course, 
as with a part-time course, there is the possibility that it will 
not be regarded as an integral part of the university activity. 
For the reasons given above the authors therefore believe that 
the course should be held, if at all possible, within the period 
of a normal term. 


(6) THE COURSE 


The ideas advanced above are in part the outcome of, and 
in part have always been the inspiration of, the course with 
which the authors are associated. It has had a long development, 
stemming directly from the late Sir Arthur Fleming’s interest 
in the education and training of the young electrical engineers 
serving their apprenticeships with his company. For many 
years the programme included lectures given by practising 
engineers within the company, which as time went on increased 
in numbers and scope. After the last war lecture courses, 
which spanned both years of the apprenticeship, grew to such 
a size as to impose an undue burden on the staff concerned with 
them. Six years ago, therefore, the company invited the 
Manchester College of Technology, as it then was, to undertake 
the second-year part of the course. It is not without significance 
that the college, in addition to being the Faculty of Technology 
of the University of Manchester, had a tradition of part-time 
teaching. This doubtless made easier the acceptance of the 
invitation. Initially, this second-year course occupied 30 half- 
days; it was later increased to 20 whole days, and was more 
recently changed to a full-time course lasting eight weeks. The 
first-year lecture courses continued to be organized by the 
company, and over the years have developed correspondingly. 

The current form of the courses is shown in Table 1, in which 
are included only those courses of direct interest in connection 
with this paper; others, for example on company organization 
and products, are what one would normally expect to find in 
any apprenticeship scheme. One of these other courses, on 


Table 1 


OUTLINE OF THE COURSE WITH WHICH THE AUTHORS ARE CONCERNED 


Preliminary 


Noy.—Dec. mathematics 


FIRST Main 


Jan._May mathematics 


Electrical 


8 weeks machines 


Power 
systems 


Engineering 
tutorials 


(a) Electromagnetic fields 
(6) Applied physics 
(c) Nuclear power 


Automatic 
control 


Communications 
and electronics 


Oct.—Dec. 


Common course 
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industrial administration, will however be mentioned briefly 
below. 

The purposes of the first-year courses are as follows. First, 
they insure against the students’ minds lying idle in the interval 
between graduation and the second-year courses. Second, they 
provide an equitable method of selection of the men who will 
be permitted to continue to the second year. Third, they prepare 
the men for the second year, in a way to be described. Fourth, 
in certain cases they permit men to take a second-year subject 
which they may not have had the opportunity of studying in 
their undergraduate course. All the courses are voluntary, 
although, in fact, the usual difficulty is to persuade men not to 
attempt too many. There is progressive selection, and in 
practice only about half the number of men who start on the 
preliminary mathematics course are admitted to the second-year 
courses. No distinction in opportunity is made between home 
and oversea men. This is not the place to discuss the detailed 
syllabuses of the various courses, so the description that follows 
is concerned with principles rather than actual content. 

The preliminary mathematics course is a revision course, and 
is open to all men at the start of their apprenticeship. It lasts 
for six weeks, with each week a 2-hour lecture held in the men’s 
own time and a 2-hour tutorial class held in the company’s 
time. There are usually not more than 10 men in each tutorial 
class. Homework is set; it and the tutorial class-work is assessed. 
About two-thirds of the men complete this course successfully, 
enabling them to continue with the courses offered after Christ- 
mas, which run concurrently for 16 weeks. 

The main mathematics course follows the pattern of the 
preliminary course, except that the number of men in each 
tutorial class falls to about six. The content of the course is 
intended to ensure that, so far as possible, the treatment of the 
second-year topics is not limited by lack of mathematical 
knowledge. To some extent, therefore, it is post-graduate work 
(by engineering standards, and not, of course, a mathematician’s 
standards). Again, homework and tutorial class-work are 
carefully assessed. 

The engineering tutorial classes were introduced comparatively 
recently, because it was found to be necessary to ensure that 
men enter the second year with a suitable common standard, 
not only of mathematical, but also .of engineering, knowledge. 
The men come from many different universities, with corre- 
spondingly different syllabuses, and a process of levelling-up is 
necessary. The engineering tutorials also provide for the man 
who, having done some specialist work in one subject at the 
university, wishes to change to another subject. This situation 
had previously led to some waste of time at the beginning of the 
second-year courses while common standards were being 
established. Because of the diversity of background and the 
nature of the subjects, this situation is best remedied by tutorial 
classes rather than, as with mathematics, formal lectures. Each 
man therefore chooses which of the four second-year courses he 
wishes to take, and then the men are allotted, in groups of not 
more than four, to tutors who are engineers practising in that 
subject. It is the duty of each tutor to work with his class 
through a syllabus which is agreed jointly between the company 
and the college. The weekly tutorial] classes last for 14-2 hours 
in the men’s own time. Again, homework is set and assessed. 
Only those men who have shown their fitness in both mathe- 
matics and engineering are selected to attend the second-year 
courses. A not inconsiderable advantage of the tutorial system 
is that each apprentice gets to know one or two members of the 
company’s staff who take a lively and personal interest in his 
technical progress. 

The fact that a man must choose his subject of specialjzation 
at the beginning of the engineering tutorial classes is not finally 
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binding. It is realized that a man, for perfectly good person: 
reasons, may wish to change his choice. This is permitted, 
usually on condition that he undertakes some private stud 
during the following summer, and he is allowed to proceed 
a different second-year course if the organizers are satisfied the 
he is ina position to benefit from it fully. 

The remaining first-year course shown in Table 1 is open to |; 
all who are attending the main mathematics course. It takes tht 
form of a 2-hour lecture each week in the company’s time, b' 
since the course does not lead directly to the second year, 
will not be discussed further. 

A course not shown in Table 1 is one on industrial administ: 
tion, which is an evening course offered by the college. It 
intended primarily for mechanical engineers, to enable them) 
to satisfy the regulations of The Institution of Mechanical. 
Engineers. However, electrical engineers who do not wish to | 
take the courses previously described, or think they may not | 
complete them, are encouraged to attend. Those who have | 
every prospect of succeeding in the technological courses are 
permitted to attend, but are not encouraged to do so because 
experience shows that the load on them would then be excessive. |, 

As has been mentioned, there are four specialized second-year |. 
courses, each comprising lectures, tutorial classes and laboratory, 
work. In addition there is a common course of lectures which | 
is attended by all the students. This is held partly to give a 
community of interest to all the men and to give cohesion to 
the course, and partly for economy because the subjects included | I 
are of interest to all. Abbreviated syllabuses of the four courses 
are given in the Appendix, but will not be discussed here because 
an informed discussion could only take place on the basis ofl 
much fuller information than there is room to give in the paper; 
moreover, the authors consider that at this juncture there is a 
much greater need for discussion of the background and pattern | 
of post-graduate courses than for discussion of the detailed) 
content. 

The proportions in which the college and industry provide 
teaching staff have varied from year to year to meet temporary 
factors concerning the availability of men, as was only to be 
expected. As a rough average over the years and over the five, 
courses the contributions to lecturing time (as opposed to tutorial 
and laboratory class supervision) are 70% by the college and 
30% by industry. For the supervision of tutorial and laboratory 
classes a greater number of staff is required, most of whom must 
of necessity come from industry, so that the proportions are) 
approximately reversed. It has been found that men who have 
attended the course in previous years and have then had two 
years or so of work in industry are very suitable for these tasks. 

The number of students has fluctuated somewhat from year 
to year, but on balance has grown so that, for example, in the, 
courses held in the autumn of 1960 the total was 59. Of the 
total, the proportion of students attending from firms other than 
the one whose activities have been described above has also 
increased, and in this respect the transfer of the second-year 
courses to the college has served one of its purposes. 

The final question which must be answered is whether the 
courses fulfil their main purpose in improving the knowledge 
and capabilities of the students. A sufficient answer is that 
it is unthinkable to those who are concerned with them that the| 
courses should be curtailed in any way; as has been described 
above, the history of the courses has always been one of 
expansion and extension and, indeed, there are no indications 
that this process will not continue. 


(7) CONCLUSION 


The paper has been concerned with the educational needs of 
electrical engineers who are to engage in the research, develop- 


oe 


fent and design activities of industry. The arguments given 
joint to the suggestion that, for a by no means negligible propor- 
ion of such men, some form of organized post-graduate study 
§ necessary, that it should be an integral part of a two-year 
(pprenticeship and that it should comprise a full-time period of, 
it present, about one term, held at a university. Experience 
vith a course run on these lines has been encouraging, which 
yrompts the suggestion that such courses should be made more 
widely available in order to meet the national need; but before 
hat can be done it is necessary to examine closely the arguments 
Ziven so that it may be reasonably certain that courses of this 
‘orm are sound in principle. It is the purpose of this paper to 
nitiate such an examination. If the results of it are favourable, 
‘urther questions will follow, but an attempt to ask and answer 
them at this stage would perhaps be premature. 
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(10) APPENDIX: ABBREVIATED SYLLABUSES OF THE 
COURSES 


Common Course. 
Matrix algebra. 
Numerical] analysis. 
Digital-computer techniques. 
Analysis of observations. 


Electrical Machines. 
Synchronous, induction and d.c. machines. 
Matrix and tensor analysis. 
Computers in machine design. 
Field theory. 
Cooling. 
Control Systems. 
Analytical methods, linear and non-linear. 
Restrictions on physically realizable systems. 
Performance criteria. 
Properties of component parts and system design. 
Electronics and Communications. 
Electromagnetic theory. 
Linearized network theory. 
Non-linear active circuits. 
Communication systems. 
Power Systems. 
Analysis of synchronous machines and systems. 
Per-unit and co-ordinate systems. 
High-voltage transmission. 
System protection; power-system stability. 


There is appropriate laboratory work in each of the four 
specialized courses, which occupies approximately 30% of a 
student’s time. 


DISCUSSION BEFORE THE INSTITUTION, 2ND MARCH, AND BEFORE THE NORTH-WESTERN CENTRE 
AT MANCHESTER, 14TH MARCH, 1961 


Dr. W. J. Gibbs: I admire greatly the work that the authors 
ire doing and have done at Manchester, and I agree with much 
of what they say. Drawing comparisons takes up time and I 
shall therefore discuss the paper on the basis only of the courses 
lescribed in it. 

The authors start quite properly by recommending that the 
yeriod of the 3-year undergraduate course should remain 
inchanged. I believe all university staffs in the United Kingdom 
vill agree with their description of the objects of this course, 
.c. to develop in the young man the ability to learn for himself. 
‘or the post-graduate courses the aim is quite different: it is to 
mpart new knowledge. 

There is a case—although it is not a strong one, for students 
hould be capable of self-instruction—for holding lecture courses 
oO spread some of what the authors call the ‘body of distilled 
nowledge’. The authors devote the whole of Section 3 to the 
juestion of when this should be done, and they provide closely 
easoned arguments intended to show that the courses should 
10t be held immediately after graduation. These arguments, 
n fact, really point to a period much later than apprenticeship. 

Their course is frankly called a second-year course. Not 
very industrial concern could provide a course equivalent to 
heir first year, so in fact this course is ideal only for one firm. 


If a young man is sent to take it from outside Manchester, 
he has to go for eight weeks to strange rooms or lodgings and 
therefore is not in the same position as a young apprentice based 
on Manchester. 

It is very encouraging to find that the duration of the courses 
has been reduced from an academic year to eight weeks, but 
this is still far too long, for two reasons. To take eight weeks 
out of the very precious two years of practical and professional 
training is too much; secondly, these courses have to be run at 
a fast pace, and at such a pace eight weeks is too long. Young 
men can be pushed hard for three weeks, but towards the 
end of this period their efforts begin to flag. 

To be constructive, I should like to see a few universities 
running courses of this nature of six weeks’ duration, divided 
into two periods of three weeks each. The young man would 
not take all six weeks at once; he would take three weeks in 
one year and three in a second. The courses would be in the 
long vacations and residential. They would be aimed at young 
men who had been on the engineering staff at least one year 
and preferably two, so that the age range would be about 25-27. 
This is the period in a man’s life when he is most receptive, and 
when he is specializing to the highest degree. I know that the 
universities do not like these short, sharp courses asked for by 
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industry, but the authors’ objection will probably be that such 
courses are for staff, whereas they are talking about courses for 
graduate apprentices. In that case I suggest that they consider 
very carefully whether, at that stage in a man’s career, day 
courses are necessary or desirable. I do not think that they are 
either. However, if they decide otherwise they should look very 
carefully at the syllabus. 

The most heartening thing about the paper is the proof it 
provides that one university college and one manufacturing firm 
have not only got together on this matter but have agreed. 

Prof. E. Bradshaw: The paper describes a significant experi- 
ment in engineering education. Not the least important aspect 
is the extent to which full-time teachers have co-operated with 
their colleagues in industry. An important facet of this co- 
operation is the substantial help given, in the Electrical Engineer- 
ing Department of the Manchester College of Science and 
Technology, by visiting lecturers holding formal university 
appointments; one of the authors holds such an appointment. 

The time, duration and content of courses of this nature must 
long remain matters for debate. If all one had to do was to 
extend the existing degree course by eight weeks, that would 
mean increasing its effective length by a factor of only about 10%. 
The critical point is, of course, the value of such an eight-week 
course if given at the most appropriate time. Have graduates 
had, just after the end of the first year of graduate training, 
sufficient industrial experience to enable them, for example, to 
select the most appropriate of the four options mentioned? To 
what extent have other graduates, at a later stage in their 
professional career, made use of the course, and what opinions, 
if any, are available from industry about those who have taken 
the course at various times? 

The authors have described a course, mainly analytical in 
character, with options in four particular branches. Would 
they comment on the significance of the four branches offered 
and suggest any other fields which they consider should be 
covered in the future? Their views on post-graduate courses 
to develop professional engineering skills other than those of 
the strictly analytical kind would also be welcome. 

The paper raises certain wider issues. New ideas are abroad 
in engineering education. Not only are new treatments being 
considered for the professional engineering subjects, but experi- 
ments are under discussion such as the introduction of sub- 
stantial amounts of other disciplines, including the social sciences 
or economics; the consequential limitation of the depth to which 
engineering subjects could be taken would increase the need for 
post-graduate engineering courses of various kinds. Finally, 
the very existence of the need which has occasioned the course 
described by the authors is a measure of the growing pressure 
on electrical engineering students. We must keep constantly 
under review, not only the desirability of including more and 
more fundamental matter in a professional engineering course, 
but also the ability and willingness of students to face an 
increasingly onerous task. Failure to give sufficient considera- 
tion to this aspect could result in the loss of recruits to the 
. profession. A long-term solution may involve a conscious 
limitation of the undergraduate task coupled with a variety of 
post-graduate opportunities in which courses of various types 
are to some extent regarded as alternatives to part of what has 
hitherto been regarded as post-graduate training, 

Mr. H. W. French: During the last two years the Ministry 
of Education has received many inquiries and suggestions about 
post-graduate courses in all fields of engineering. Some have 
been very similar to those proposed by the authors, while others 
have advocated as much as two post-graduate years of sandwich- 
course instruction of a specialized nature. 

We can surely do little more in the time available for our 
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university or Diploma in Technology courses than lay a sound, 
framework of electrical engineering education; we cannot include 
much specialized training. The questions are, when and for 
how long can we bring these young men back for further | 
training? Ido not agree that such a course should be ‘as long 
as possible’ but rather ‘as long as necessary’; that may mean 
just a short course, as Dr. Gibbs has said, or in other cases 2 
complete academic year. 

The duration and the timing depend on the job one is trying 
to do. If a man has been generally educated in electrical 
engineering, and then joins a firm which specializes, for example, | 
on the electrical side of control engineering, he may well need | 
a considerable extension of his academic knowledge; the proper | 
time to acquire this may be at once, so that he can then benefit _ 
more fully from the work which he does subsequently. That : 
is how the Russians train their control engineers. They have | 
54-year courses, which we could approach by adding a period | 
of specialized training to our present three years. That may \ 
be right for this particular kind of engineer. 

On the other hand, the point which Dr. Gibbs raised is valid, 
At a later age, a different kind of short course might be right 
To provide the post-graduate training which is necessary requires 
not one pattern of course but many, which we should be pre- | 
pared to provide. This calls for extreme flexibility. I therefore | 
suggest that a major contribution could be made by those | 
technical colleges suitably staffed and equipped for post-graduate | 
work. The paper has been written in a university context, no | 
doubt because the universities have done and are still doing | 
very good courses of this kind. I suggest, however, that their | 
efforts could be augmented by our more advanced technical | 
colleges, which are well used to varied and flexible arrangements. | 

With reference to part-time lecturers, we could with advantage | 
have an increase in our Colleges of Advanced Technology of 
the sort of appointment which Mr. Taylor holds. 

We should remember, too, that we have almost 5000 Diploma 
in Technology students, the majority on a sandwich-course basis. 
For them, an acceptable answer to the post-graduate problem 
might very well be one additional sandwich-course session. 

Finally, if we make our courses long—and some of them | 
would have to be long judging by the approaches which have been 
made—we have the problem of an award. Students selected 
and financed by their firms may well be content with the possible 
advancement which this might imply. Those not so fortunate 
may well look for an M.Sc. or something similar. The problem 
of an appropriate award for post-graduate study, as distinct. 
from research, is one that calls for immediate attention. 

Dr. G. S. Atkinson: I have naturally regarded the paper from 
the point of view of Colleges of Technology such as that at 
Rugby. In the first place the need for a formal post-graduate | 
course has not yet been firmly demonstrated. I agree that it 


-is necessary to have some kind or kinds of formal course but 


I think there should be a variety. 

There should be a gap between the end of the university 
graduate course and the post-graduate course, but the gap need 
not beso long in the case of works-based Diploma of Technology 
students, who will have had a considerable amount of useful 
industrial experience. If the gap were made longer, as Dr. Gibbs 
suggests, would it not be necessary to put something else in 
between ? 

I think that the problems of the academic institution are over- 
emphasized in the paper. We, in the Colleges of Technology, 
are accustomed to many types of course. Naturally, other 
things being equal, we normally prefer a full-time to a part-time 
course. But if there are reasons—other than educational—why 
the course cannot be full-time, then the organization of a part- | 
time course would fall naturally into our scheme of things. 
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| I was surprised to find in the course described that the first 
year is still organized by industry. Is there a special reason 
for this? Surely this first year is broader and less specialized 
than the second year. 

_ It appears that the authors are suggesting that similar courses 
should be established in different parts of the country. Do the 
firms want this? If you have a large firm, big enough to 
organize its own course, does it want a national pattern which 
would mean a broad course? Or does it prefer to organize 
its own course because of the opportunity afforded to refer to 
its own procedures? 

Mr. M. R. Krick: Is it not possible to do something about 
this problem before the undergraduate leaves university? Men- 
tion has been made of the long vacation. Several colleges run 
schemes whereby students are taken into industry during this 
vacation and given some of their practical training at this time. 
[ am surprised that the authors have not mentioned this. I 
know from my own experience that such schemes are very useful, 
and popular. They are easy to institute if industry can be 
persuaded to co-operate, and I am certain that students would 
have no hesitation in participating. Such schemes at the end 
of the first and second years of the university training would 
give a certain benefit to the second and third years, 

Professor Bradshaw mentioned that eight weeks represents 
only a 10% increase in the amount put into the 3-year university 
course. I feel that the scheme I suggest might be a means by 
which that 10% could be absorbed without any noticeable 
change in the syllabus itself, and that as a result the graduate 
would be a little more ready for a life in industry. Then, if the 
scheme which has been outlined this evening were to be put 
into force, the benefits from it would be enhanced. 

Prof. J. Greig: As Mr. French has implied, there are in fact 
two fairly well-defined types of post-graduate course. One is, 
in general terms, like that which the authors have described, 
.e. closely associated in its content with the industrial work in 
design, development and research with which the graduate will 
be concerned later. It contains a substantial amount of tech- 
nological detail and advanced technological theory. 

_ There is, however, a second type of a more fundamental 
character. This is based on a more advanced study of mathe- 
matics, an introduction to modern physics and the study of 
some branch of fundamental technology. The main emphasis 
must be on the introduction to modern physics, for I believe 
that the most serious chink in our intellectual armour, in 
engineering, results from our engineering graduates being largely 
ignorant of this subject. They study modern physics in some 
measure in the undergraduate course, but necessarily rather 
sketchily and without a very firmly set foundation. For a man 
who is going on the research and development side nowadays, 
it is clear that modern physical theory, in particular the theory 
of the solid state, will be of paramount importance. 

The more fundamental type of course should, in my opinion, 
be pursued immediately after graduation. One cannot learn 
one’s mathematics too young, and if one is to make a more 
advanced and rigorous study of mathematics there is much to 
be said for doing it immediately after the end of the under- 
graduate course, when memorizing is still easy. 

‘Doubt has been expressed as to the desirability of lengthening 
the engineering undergraduate course, making it four years. 
For the majority of men entering industry, a 3-year course is, 
I believe, probably adequate. It is inadequate for the few 
who are going on to more advanced theoretical work and 
who have the potentiality for pursuing research and doing 
advanced design. It appears to me that our best solution in 
this country is simply to provide 1-year courses of post-graduate 
study, which would lead to a post-graduate qualification, in 
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Colleges of Advanced Technology and universities as has been 
suggested. 

The effective development of post-graduate study is probably 
the most important single factor in the development of our 
technological education at the present time. 

Mr. D. A. Picken: There are two aspects which have in the past 
been largely overlooked in the training of an electrical engineer, 
both of which could wel! be included in a course of formal 
study. One is a knowledge of law, particularly of electrical 
engineering, in which we are bound by the Electricity Supply 
Regulations and the Electricity (Factories Act) Special Regu- 
lations, 1908 and 1944. Almost everyone who practices as an 
electrical engineer should have a general knowledge of these 
requirements and their legal and practical interpretation. The 
second aspect which should be dealt with is that of training in 
electrical safety. 

Already some organizations, e.g. the Manchester College of 
Science and Technology and the Burton Manor Adult Education 
College, have organized courses in both these subjects, and the 
enthusiasm and interest of students and their employers is an 
indication of the need for such training. 

Mr. D. H. Tompsett: It seems as if the word ‘firm’ is being 
identified in the paper with a manufacturer of electrical equip- 
ment. Many other types of organization are employers of 
qualified electrical engineers. I have in mind the electricity 
supply industry, the various authorities in the communication 
field, the railways, the armed services, other manufacturing and 
operating industries, consulting engineers and so on. Although 
the authors state in their summary that they are referring to 
‘engineers who will be concerned with development and research 
work in industry’, I believe that some cross-fertilization is 
essential between people on the manufacturing and the operating 
sides of industry. The authors aim at widening the designer’s 
experience and believe that his creative ability is thereby 
increased. I entirely agree with this point of view and I think 
that appreciation of the ultimate use to which his product will 
be put is at least as important as a deeper understanding of the 
mathematics and physics underlying analysis and performance 
calculations. 

What steps have the authors taken, in the establishment and 
planning of these courses, to take care of this aspect? Have 
they asked the operating ‘side what they look for in their 
engineers? I cannot believe that it is only the firms interested 
in manufacture who are involved in the training of engineers. 

Dr. J. H. Westcott: There was a time when it was possible 
to turn out a finished graduate who could manage for the rest 
of his life with what he had learnt. I am afraid that those days 
have gone, and that post-graduate study is here to stay. 

I believe that electrical engineering is possibly the technology 
par excellence in the sense that the man who enters the profession 
is in for a life of study. The technical men who get to the top 
are unable to learn from anybody else, being at the top, but 
may still be young and under an urgent necessity to learn. 
Possibly the provision of post-graduate courses helps to provide 
time when these men can be relieved of distraction in order to 
do some studying, which they cannot be expected to fit in with 
their domestic responsibilities. I do not know how this will 
be done, but I think it must be made possible in working hours. 

Mr. K. P. Grimshaw: For several months I have had the 
opportunity and experience, as a part-time lecturer, of helping 
in a full-time post-graduate course at Imperial College, and I 
feel that it is a wonderful opportunity for any post-graduate, 
who has spent a period in industry, to go back to a university 
and to come again within the sphere of its intellectual life and 
activities. Such a full-time course lasting an academic year is 
of great educational benefit to the young engineer and I am 
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sure that he will acquire new abilities which otherwise might 
never develop. 

We should distinguish between what I would regard as 
practical reasons for education, such as the need of a firm or 
organization or industry generally to have men taught certain 
analytical skills, etc., to do their professional work, and the 
desire that men, as human individuals, should be better equipped 
to become possible technological leaders in the country, with 
a wider range of knowledge. 

Many good engineers tend to be limited by their experience. 
This is probably a truism which applies more or less to everyone, 
but for the benefit of the country we must widen the range of 
some of our best young engineers so that they are not so limited. 
I believe that a full-time post-graduate university-type course 
may be the best way to do it. This is very different from the 
shorter-time course with which the authors are concerned. [I 
am quite sure their course is excellent for its purpose, but I 
believe there is this other need to be recognized and met. 

Dr. D. A. Bell (communicated): We are, in Birmingham, 
running two post-graduate courses occupying a full 12 months, 
and although the response has not been overwhelming, we have 
had a continuing small number of students supported by their 
employers, as well as the larger numbers supported by the 
Department of Scientific and Industrial Research, oversea 
governments and private funds. In an attempt to meet all the 
needs of industry, we have arranged for some of the lectures 
covering particular topics to run within five weeks, but there 
has been very little demand for attendance at these limited 
specialist sessions. 

Most of our students have industrial experience, but their 
financial situation is not as favourable as the authors suggest. 
The D.S.I.R. maintenance grant for a fresh graduate is £340 
per annum, and though I do not know the salaries paid by the 
firm with which the authors’ scheme is mainly associated, I 
believe a usual figure is £650. Even a bachelor in Britain today 
would not pay in tax anything like the difference between these 
two figures. After two years’ industrial experience the D.S.I.R. 
grant is £540, but a graduate engineer after his apprenticeship 
might earn anything from £800 to £1200. Our experience con- 
firms the authors’ view that a man who achieved only a pass 
degree may have been sufficiently stimulated by industry to 
benefit from an advanced course, but he will not be eligible 
for a D.S.I.R Advanced Course Studentship. 

I do not agree with the suggestion that there is not the same 
need for private study in post-graduate as in undergraduate 
work. Our courses are intensive because a large amount of 
ground is covered, and the function of lectures is to provide an 
introduction and a framework for each topic. The student must 
fill in the details for himself, and the advantage of a session 
at a university is that he can do the job thoroughly, if necessary 
consulting books and lecturers in other departments. In 
Section 5 the authors say that industry doubts the value of 
experimental project work, but in Section 10 laboratory work 
is stated to occupy 30% of the student’s time. Experimental 
’ work associated with the lectures also is valuable if it is designed 
to illustrate key features of theory. 

The experimental project in Birmingham occupies three 
additional months (July-September). It tests whether the 
student is an engineer in the sense of being able to apply his 
learning to a specific research problem in the university, where 
he has greater intellectual resources at his disposal than he might 
have in industry, though possibly less material resources. 

Mr. M. St. J. Candy (communicated): I served my graduate 
apprenticeship with a large broadcasting organization from 
1957-9. The apprenticeship began with a course, lasting about 
six weeks at their Engineering Training School; this may be 
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summarized as being a general introduction to broadcastin; 
engineering theory to as great an extent as was possible in the 
time available. It included laboratory work. In the circum- 
stances some form of course,was essential, broadcasting bet 
an application of electrical engineering, whereas an apprenti 
ship in industry would not require a course in quite the sai 
way. A suggestion was made that the course would have bee 
more useful later in the apprenticeship. 

Mr. W. Hill (at Manchester): I would like to pay tribute to tha 
late L. H. A. Carr, who had the not inconsiderable task of Hh, 
organizing the beginning of the course which forms the back- i 
ground of the paper. Having been associated with this course |}: 
from the beginning I have always marvelled that whatever its 1 
duration, place and scope it seemed always Tight and ‘unthink- |: 
able that it should be curtailed in any way’. I believe that it | 
achieves a dual purpose which no extension of university courses |i 
can achieve. \o 

It synthesizes the graduate’s theoretical approach with that in 
of his colleague in industry, until they start to understand each  } 
other by means of a common, basic language. It is then that |» 
textbook learning can be applied to urgent topical problems, | \ 
and in their turn, original solutions to these problems become 
acceptable to the older engineers because common ground exists | 1 
on which to judge the theoretical reasoning. This benefit will | 
last only as long as the course remains a true partnership between | 
industry and the universities. 4 

If judged against the above criterion it will be seen that it it 
matters little, except from an expediency point of view, whether | 
the course is whole-time for a few weeks, or one day a week | | 
for a large number of weeks. 

Mr. B. Birtwistle (at Manchester): I have been closely con- 
cerned with the particular course described since its inception 
some ten years ago, and it represents the absolute minimum that 
is required. Indeed it is little more than a sort of ripple filter 
smoothing out deficiencies in earlier education. It does not 
significantly amplify knowledge or understanding. 

A major difficulty is the almost random nature of the know- 
ledge and understanding possessed by graduate trainees entering 
industry, necessitating a revision of work starting at a relatively | 
low level and persisting even into the second year of the 
scheme. 

The question of how best to provide advanced training for 
future industrial research and development engineers is not 
answered in the paper. Reconditioning the graduate trainee 
is an essential preliminary but is in itself not sufficient. This — 
advanced training will clearly have to be provided after the | 
graduate-traineeship period, and following the authors’ argu- |) 
ments, further short full-time courses are indicated, although | 
the part-time variation may be more acceptable at present. 
Otherwise, with full industrial patronage and co-operation I | 
believe the 1-year full-time courses could be developed into a — 
more effective solution, particularly if they were organized in 
a sandwich form over a period of two years. 

What is urgently needed is a comprehensive review of the 
entire period of ten years or so between leaving school and 
achieving full professional status, and this review should include 
a critical comparison with the methods adopted in other leading 
industrial countries. In the meantime it is to be hoped that 
The Institution can assist in fostering a more dynamic asso- 
ciation between industry and the technical institutes in order 
that at least the minimum stop-gap proposals outlined in the 
paper may be implemented on a wider scale as soon as possible. 

Dr. E. R. Laithwaite (at Manchester): I should like to raise | 
a question in connection with what I call the “extra, years’. In | 
1946 a large number of ex-servicemen, aged between 25 and 30, 
entered first-year courses in university honours schools, and 


jaany obtained excellent results. My own experience as one 
if them was that I was more critical and yet more adaptable 
p the receipt of new information than when I left school at 18. 
for some time after graduation I was convinced that to come 
jO university with some extra years on one’s shoulders was a 
listinct advantage, and I recommended prospective students, 
vhere they had the choice, to elect to do National Service before 
Heeting their university course. However, the record of students 
who begin their courses at the age of 20 or 21 now appears to 
ye no better than those who come directly from school, and I 
wonder whether the reason is that they still lack some extra 
years. Have the authors any views on the question of the age 
at which a man is best able to absorb new ideas in advanced 
cechnology ? 

The question has already been raised as to how much longer 
we shall be able to go on teaching all the basic theory together 
with all the additional technological information which is dis- 
covered each year. I would put the question in another form 
by asking how much longer can we go on teaching electrical 
engineering historically? There are a number of fundamental 
tools’ which should be sufficient to enable each student to 
resolve a wide variety of problems, and it would appear adequate 
merely to teach these aspects. Unfortunately this is extremely 
jifficult. The student of electrical engineering may well quote 
Sir Winston Churchill and say, ‘Give us the tools and we will 
inish the job’, but the unfortunate teacher replies, ‘But what are 
he tools ?’ 

Mr. R. F. Marshall (at Manchester): The courses discussed by 
he authors form part of a graduate apprenticeship which, in 
iccordance with the recommendations of The Institution, 
rovides training and experience in three stages—basic workshop 
Xperience, general electrical and mechanical experience and 
ponsored or objective training—yet little is said in the paper 
‘bout the place these formal studies occupy within the appren- 
iceship and the time such studies require or deserve. It is 
uggested that the duration of the course is entirely a matter 
yf finance. Finance is, of course, important but the period of 
ight weeks was in fact selected because it represented what 
vas thought to be the appropriate period for this phase of 
raduate training in relation to the other commitments upon 
he trainee’s time. The period also fitted conveniently into the 
imetable of graduate-training movements which operate within 
| particular organization. 
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An important reason for the introduction of advanced courses 
was that they can and do provide an intellectual challenge to 
graduates in training and are an excellent answer to those who 
say that graduate apprenticeships represent an undesirable 
intellectual ‘let down’ when compared with university con- 
ditions. 

A large company will have wide engineering interests, and its 
recruitment and training arrangements must, if possible, satisfy 
the needs of widely differing engineering technologies. The 
preselection (in the first year) of the second-year optional sub- 
jects may mean that too many men study a subject which may 
not be most important to the company’s interests. The authors 
have explained that a man can choose a second-year option 
differing from the work he did during the first-year tutorials 
provided that the tutors are satisfied that he has the necessary 
capacity and is prepared to do some extra ‘homework’ in the 
summer months. This would seem to be a weakness in the 
arrangements, which needs re-examination. 

Mr. C. B. Cooper (at Manchester): Having had an interest in 
the power systems tutorial course described in the paper, some of 
my experiences may be of interest. In this course about 50% 
of the students come from oversea, and the standard of training 
they have already undertaken varies very widely. This is par- 
ticularly evident in the field of mathematics, where experience 
of relatively new topics is essential for the man who in future 
will be doing research and development work. Many of the 
oversea students come to Britain for just the period of their 
training, and so if they are to benefit from this type of course 
it must come during the training period. 

We find that, although most of our students have covered the 
work needed for entry to the second year, they lack the experience 
and confidence which enables them to apply the principles taught 
at a university. The tutorial scheme gives this experience, and 
in addition gives a man time to think about his work and discuss 
his ideas freely with an engineer having some years’ experience 
in industry in his chosen subject. 

Power systems cover a wide range of topics requiring some 
knowledge of electrical machines, switchgear, and transformers, 
in addition to some experience of control methods. We have 
in the past drawn our tutors from men working in both the 
power-system and the switchgear fields, and in this way try to 
make the course broader in scope than it might appear to be 
from the four topics quoted in the paper. 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Messrs. N. N. Hancock and P. L. Taylor (in reply): As the 
Juke of Edinburgh has so rightly observed, if you start a 
liscussion on education you are likely to provoke a riot. One 
f the purposes of our paper was to promote discussion on this 
nost important topic. We did not intend to imply that the 
articular course we described is the only type that need be con- 
idered. In fact we shall be happy if our paper moves those 
yho advocate other types to present their experiences in the 
ages of the Proceedings. 

Papers written jointly by authors representing the academic 
nd the industrial sides of the profession would be particularly 
aluable. It is commonly realized that post-graduate courses 
equire co-operation between the two sides, and lack of this 
mplies inadequate contact between them, so that the resulting 
ourses will not meet a real need. Another purpose of the paper 
yas to show that, given good will, the difficulties involved in this 
0-operation can be overcome, and thereby perhaps to encourage 
ther academic institutions. Of course, the resulting courses 
jill be compromises; as Mr. Marshall has said, the precise form 
nd duration of the course we described was decided by non- 


educational factors, and to this extent the educational pattern 
may be considered to be distorted. But it is as well to realize 
that an insistence, in inappropriate cases, on a full-session course 
at the end of which there is the prospect of an award may result 
in even grosser distortions. We agree with Mr. French that this 
particular problem calls for attention. 

We are aware of the excellent courses organized by Dr. Gibbs 
for another part of the same industrial body and which accord 
with his comments. They fulfil a rather different purpose, and 
while admitting the need for them, we do not concede that there 
is not an equal or greater need for short full-time courses earlier 
in a man’s career. We have referred to the College course as 
second-year because of the first-year courses organized (for 
reasons indicated in the paper) by the firm concerned. The 
College would willingly, consider putting on a corresponding 
first-year course for employees of other firms, but so far, though 
the need has been felt in certain cases, the numbers involved have 
not made this possible. The course at the moment is ideal for 
only one firm. Another purpose in publishing the paper was 
to arouse interest from other firms and organizations. We 
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could then embark on the more difficult experiment of modifying 
the course to make it more generally suitable. Perhaps Mr. 
Tompsett would discuss with us whether the power systems 
course is suitable for the men he has in mind. We would 
welcome suggestions of topics for inclusion, and if other firms 
and organizations feel the need for other types.of course we 
would be glad to hear from them. Academic institutions cannot 
sense every need and make all the proposals. From this point 
of view, the dearth of contributions from industry to the dis- 
cussion in London has disappointed us. 

We agree with Dr. Bell that D.S.I.R. training awards are 
unattractive when compared with industrial apprenticeship rates. 
It is interesting to note that the number of such awards in 
electrical engineering in the four years of the scheme have been 
8, 16, 16, 20. The last figure is out of a total of 315 for all 
subjects. The total of 60 electrical-engineering awards in all 
the universities of this country in four years has to be set against 
59 attending our course during the present session alone, and 
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we do not think that the standard or content of our course is)’ 
so much less than that achieved in a full-session course. We 
wonder whether Dr. Bell is confusing project work, which takes | 
up so much time, with set experimental work, which is what o 
course includes. We are sure that he does not intend to imply 
that intellectual resources are less common in industry. 
We agree with Mr. Marshall that eight weeks is a big s ice 
out of an apprenticeship, but he is aware of the compromise on 
which this figure was chosen and also why the time comes out 
of the apprenticeship rather than later. The dilemma is that 
the later a man chooses his specialization, the more time he may | 
waste beforehand; the earlier he decides, the greater is the i 
likelihood of his wanting to change. i 
While endorsing Mr. Hill’s tribute to the late Mr. L. H. A. | 
Carr, who, about 15 years ago, restarted the industrial precursor | i) 
to this course, we must, in fairness to others, point out that it _ 
actually dates back about 40 years. We would like to hear | i 
about what has resulted elsewhere after 40 years of development. | 


DISCUSSION ON | 
MANUFACTURE AND APPLICATION’* = 
MERSEY AND NORTH WALES CENTRE, 


‘THERMISTORS, THEIR THEORY, 


Mr. F. J. Hyde: I should like to mention three examples of 
my own use of thermistors. 

In many h.f. measurements a variable-resistance element is 
required. The directly heated thermistor may conveniently be 
used for this“ A d.c. bridge circuit comprises equal high- 
resistance ratio arms (say), a thermistor and a standard resis- 
tance box. To obtain any required value of r.f. resistance in 
the thermistor the standard resistance is set to this value and 
the power dissipation in the thermistor is adjusted by altering 
the power applied to the bridge until balance is achieved. Then, 
since the h.f. isothermal resistance of the thermistor is equal to 
its d.c. resistance at the operating point, it has an hf. resistance 
equal to the d.c. resistance of the standard. 

Some years ago I was measuring very-low-frequency electrical 
noise associated with a current-carrying germanium filament.® 
It was necessary to keep temperature fluctuations of the specimen 
small since these would give rise to an electrical noise component 
via a temperature/resistance modulation mechanism. The tem- 
perature fluctuations in the oil bath in which the filament was 
placed were monitored using a thermistor and they were less 
than +0-001°C in a period of 8 hours. This measurement was 
possible because the thermistor material had a much higher 
temperature coefficient of resistance than germanium and did 
not generate as much electronic noise. 

I have also been interested in the small-signal equivalent 
circuits of thermistors and helped to establish that given in 
Fig. 14(@). This equivalent circuit applies to a thermistor 
having a negative temperature coefficient of resistance. We 
predicted that positive-temperature-coefficient materials would 
have a similar equivalent circuit, but with a capacitance replacing 
the inductance. At that time no materials with a large positive 
temperature coefficient were available and so we were unable 
to confirm this experimentally. It seemed clear, however, that 
such materials would come, as indeed they have. I suggested 
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(see 107 B, p. 395). 
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that a ‘thermal oscillator’ could be produced by connecting 
together positive and negative temperature coefficient thermis- 
tors.© All the ingredients for oscillation are there—inductance, 
capacitance and a negative resistance if bias is beyond turnover. 
I am interested to see that this has now been done. E 

I take issue with the authors on nomenclature. At the 
beginning of their paper they state ‘A thermistor is a tempera- 
ture-sensitive resistor. It has a large negative resistance/ |. 
temperature coefficient... .’ I submit that ‘thermistor’, which |. 
is clearly a condensation of ‘thermal’ and ‘resistor’, should be |. 
used in a general sense for any thermally-sensitive resistor. 
Then we shall net need a new name for each positive-tempera- ) 
ture-coefficient device as it is invented. A few years ago it was |) 
reported from Bell Laboratories that mixtures of doped barium | 
and strontium titanates could be devised with a positive tem- 
perature coefficient of approximately 10% per degC. Are there |) 
any developments in this area? 

Mr. J. R. Cannon: A simple case of compensation for the | 
effects of temperature arises in very-narrow-band filters such |) 
as are used for pilot pick-off (see, for example, Fig. 10). _ Very 
constant loss is desirable; it is generally found, however, that 
the loss does change as a function of temperature, even though 
the resonant frequency may remain constant by virtue of using 
components having differing temperature coefficients so that 
positive drift in one is counterbalanced by negative drift in 
another. This is due to the fact that the circuit Q-factor is 
also a function of temperature. This effect may be substantially 
eliminated by employing a voltage divider arrangement, con- 
taining a suitable thermistor in one arm, connected in the path 
at a convenient point. 

Would the authors agree that their statement which implies 
that the time-constant of the thermistors in a.g.c. systems must 
be long compared with other time-constants is an over-sim- 
plification? In any event one does not have complete freedom 
of choice, particularly in the application to a carrier system 
working on open-wire lines. Here the line loss is immediately 
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afluenced by every change of weather and the control system 
aust be fast enough to regulate effectively in a time which is 
f the order of seconds. 
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Dr. R. W. A. Scarr and Mr. R. A. Setterington (in reply): 
Tn reply to Mr. Hyde, the name ‘thermistor’ has by association 
come to be almost synonymous with a negative-temperature- 
coefficient device. For example, B.S. 204: 1960 defines a 
thermistor as ‘A resistor having a very large temperature coeffi- 
cient of resistance which is usually negative’. However, we are 
inclined to agree with Mr. Hyde that we went too far in our 
paper—the name should not be confined to a device having a 
negative temperature coefficient. 

Recent developments on doped barium titanate and barium- 
strontium titanate systems are described in a paper by Sauer 
and Fisher. * 

We do not entirely agree with Mr. Cannon; we feel that the 
two conditions given in the paper, a long-time-constant network 
together with the characteristics of a simple RC network (i.e. 
a minimum phase-shift characteristic) are sufficient, even if they 
are not readily achievable in a practical device. 


* Sauer, H. A., and FISHER, J. R.: ‘Processing of Positive Temperature Coefficient 
Thermistors’, Journal of the American Ceramic Society, 1960, 43, p. 297. 


DISCUSSION ON 
*WATER-TURBINE-DRIVEN INDUCTION GENERATORS’* 


Before the RuGBY SuB-CENTRE at RuGBy 20th October, and the NoRTH-EASTERN CENTRE at NEWCASTLE UPON TYNE 7th November, 1960. 


Mr. L. D. Anscombe (at Rugby): The application of induction 
generators to the North of Scotland system has been economically 
favourable because excess leading kVAr is available. In small 
systems having net lagging loads there is difficulty both in 
providing and economically justifying the provision of the 
necessary magnetizing kVA, which at full load must be equal 
to about two-thirds of the rated power of the induction generator, 
in addition to any which is required by the load itself. 

The switch-in tests described in the paper show results very 
similar to those obtained with the closing-in of an unexcited 
synchronous generator. Such ‘motor paralleling’ had been used 
in cases where extreme simplicity of operation was considered 
necessary, the only difference in the case of the synchronous 
penerator being the subsequent closing of the field switch to 
enable the machine to pull into step. 

In discussing the economics of the schemes in Section 11, the 
author refers to capital savings attributable to the use of induc- 
tion generators by the omission of the turbine-governor actuator 
and the automatic voltage regulator. Could not these items 
also have been omitted if synchronous generators were used? 
Must we always assume that because large synchronous-generator 
sets have to be so equipped they are a necessity for smaller units 
also? I believe that there is no more objection to operating 
small alternators on a large system with a constant preset power 
input and fixed excitation than there is in having a number of 
synchronous motors on the system. 

In small sizes the induction generator should be appreciably 
less expensive than its synchronous equivalent, but with 
increasing size special constructional features are necessary 
and the inherently lower efficiency becomes significant. Has 
the author made any investigations to determine the approxi- 
mate size above which the induction generator ceases to be 
competitive ? 

Mr. D. D. Stephen (at Rugby): The low-voltage protection 
referred to in Section 6.4 does not appear to provide complete 
protection, since the conditions following the opening of the 
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main circuit-breaker may vary over a wide range. If the load 
passing through the circuit-breaker before opening were small, 
then stable operating conditions could be reached by the 
generator varying its speed to suit the following conditions. The 
fixed hydraulic power must be consumed by the remaining 
connected electrical load, and the generator voltage and fre- 
quency must be such as to pass this power to this load. Simul- 
taneously the generator voltage and frequency must be such that 
the requisite magnetizing current is obtained from the section 
of line still connected to the generator. 

It is quite possible, therefore, that after the circuit-breaker has 
opened the generator will continue to supply the remaining con- 
nected load at a voltage close enough to normal to prevent either 
the under-voltage or over-voltage relays from operating. Should 
the circuit-breaker be reclosed under these conditions the gen- 
erator could suffer serious damage if its generated voltage were 
not in phase with the incoming supply voltage. The effect of 
reclosing on the generator could be as severe as starting direct-on- 
line at twice the normal voltage. What protection is provided 
against the possibility of such sudden restoration of supply to 
the generators? 

Mr. A. J. Gilbert (at Rugby): I wonder whether the author 
has considered the possibilities of the compensated induction 
generator for application up to 600kW. This type of machine 
has considerable advantages over the normal induction generator. 

The machines, which are compensated induction motors,7 
run as generators, will do all and more than has been claimed 
for the lower-powered induction generators. They are par- 
ticularly suitable for applications where there is a varying 
surplus of power available, such as process steam in factories or 
water power in waterworks installations and similar hydro- 
electric schemes. They are simple to start and operate and 
there is no synchronizing problem likely to alienate the supply 
undertaking. 

When the machine runs in parallel with an incoming supply, 
adjustment of the brushgear controls the kVAr fed into the 
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supply. For a given brush setting the kVAr fed back is almost 
independent of the load on the machine. 

The machine can also operate independently and be used to 
supply essential services such as lighting and auxiliaries. Adjust- 
ment of the brushgear under these conditions varies the voltage 
output. The voltage regulation when operating independently 
is comparable with that of a synchronous machine. 

The brushgear may be hand or motor operated, and when 
motor operated it can be used in conjunction with a regulator 
to give automatic control of power factor when running in 
parallel with another supply, or of voltage when operating 
independently. 

Experience with these machines has shown them to give 
extremely satisfactory service. When operating in conjunction 
with one supply system the switching and protective arrange- 
ments are comparatively simple, and there is no complication 
about determining the phase rotation. 

Although the author appears to be almost embarrassed by 
his surplus of capacitive kVA, I should be interested to know 
whether he considered the use of compensated machines for his 
lower-powered stations or indeed for any other applications, 
and to have his comments on the possibility of their increased 
use in hydro-electric applications, particularly in remote areas. 

Mr. P. L. Olsen (at Newcastle upon Tyne): Reliability and 
robustness are often put foward as advantages of the induction 
generator over the synchronous type, but cage windings are not 
as reliable or as robust as one is led to imagine, and difficulties 
with them are not uncommon. Experience with this type of 
generator has been mainly confined to machines with restricted 
over-speeds. In the application to hydro-electric plant with 
appreciable over-speeds, great care must be taken in the design 
of the cage windings and the end-rings in particular. Trouble 
often arises as the result of too frequent starting or difficult 
starting conditions, and the practice of switching in at or near 
synchronous speed as adopted by the Board is advisable. 

The induction machine may be useful in small pump-storage 
schemes, and a recent development of the pole-changing 2-speed 
machine with the single winding can be applied to give the dif- 
ferent speeds sometimes required for optimum operation of the 
pump and turbine. 

With regard to generator drying-out methods, a further 
alternative would be to provide a transformer to give a low- 
voltage supply to the motor. Hydro-electric machines usually 
require some form of internal heater to prevent condensation 
inside, and one method of warming the machine when it is 
standing for long periods is to provide a transformer to give 
just sufficient current to maintain warm conditions. This 
transformer could be adapted to provide sufficient current to 
dry out the windings in the first instance, although it would not 
be economic if very high temperatures in the windings are 
required for complete drying out, as might be the case for 11kV 
machines. 

Mr. N. Young (at Newcastle upon Tyne): In Section 3.2.2 the 
author states that the speed at switch-in has little influence on the 
- initial current. I think that the explanation of this is that there 
is an initial transient current, of fairly short time-constant, during 
which the flux is built up in the machine. The current is not 
controlled by the switch-in speed. If we examine the second 
oscillogram of Fig. 8, however, it will be seen that there is a 
period after the initial transient has died away when a current 
of about half the initial value is maintained for a few cycles, 
before falling to the no-load value. If the switch-in speed had 
been lower, this current would have been maintained for a longer 
period, and this is confirmed by the current/slip curve of Fig. 17, 
where the current is substantially constant for about 909% of 
the run-up. ; 
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I can confirm that this is the case when switching large induc- 


tion motors and that the currents and time taken for the initial 
transient fall in current is not influenced by the switch-in speed, 
However, the time during which the current is maintained at th 
nominal starting value is very significantly influenced by 
speed at switch in. 

Has the author taken any measurements of starting currents 
when switching the machine from rest? \ 

In view of the fact that the voltage dip in the 132kV system 
at switching is insignficant, has the author considered starting 
the rather difficult Kaplan machines by opening the guide vanes 
to the no-load position and then immediately closing the circuit 
breaker? The machine would start and run up in the manner 


i 


of an induction motor switched direct on line, and the magnitude | 


| 


of the starting current and the associated forces would be no 
greater than those occurring when the machine is switched at 


synchronous speed, although they would|be maintained for a | 


longer period. 
The author mentions the difficulty in keeping the system 


voltage down at times of light load. Are the induction generators _ 
themselves run at light load, their effect on the system being that — 


of asynchronous reactors? 
In addition and for the same reasons, are the machines left 


connected, but idling, at times when it is not convenient to | 


allow water to flow through the turbines, i.e. water shortage, or 
high level in the lower reservoir of an inter-reservoir plant? 

Mr. W. Brittlebank (at Newcastle upon Tyne): The ratio of 
capacitive current to active current will be large on the small 
machines, which can give rise to self-exciting conditions. For 
an induction generator connected locally to a long transmission’ 
line which becomes tripped at the remote end of the line, the 
generator may become self-excited. Over-voltage protection at 


the machine connection trips the circuit-breaker provided that | 


the frequency is sufficiently high to cause its operation. 


A case in question was when the induction generator was | 


supplying load to the common-services boards of two power 
stations. When tripping occurred only at the remote end 
owing to a fault, the frequency was not high enough to trip the 
machine circuit-breaker on over-voltage protection. Some load | 
from the power stations was still connected to it and it became 
self-excited. Normally power-station auxiliary motors are con- 
nected to these boards, but they also feed the valves for power-line 
carrier equipment. To guard against this it would seem better 
to have a lower over-voltage setting, for carrier equipment is 
sensitive to high-voltage conditions. 

Mr. J. Taylor (at Newcastle upon Tyne): It is stated in the 
paper that there are considerable financial advantages in the 
employment of induction generators, largely owing to the omis- 
sion of governor gear and voltage-regulating equipment and the | 
simplification of control equipment. This obviously makes them 
an attractive proposition for use on the North of Scotland 
Hydro-Electric Board system where, for various reasons, whether 
it be for the benefit of the fish-or for reservoir regulations, a 
certain amount of compensation water which would otherwise 
be wasted can be harnessed relatively cheaply by the employment 
of low-capital-cost plant. 

The use of induction generators in a system must of necessity 
be limited according to the amount of synchronous plant con- 
nected to that system. In fact, about 3% of the North of 
Scotland Hydro-Electric Board generation is at present provided 
by induction generators. Is this balance likely to be increased 
appreciably, and if so, by what amount? 


Mr. C. L. C. Allan (in reply): 


To Mr. Anscombe.—It is interesting to have Mr. Anscombe’s 
confirmation that the switch-in tests on unexcited synchronous 


| 


| 
) 
j 
| 


| 
| 
| 


f 


renerators have shown results which correspond with those 
‘eferred to in the paper. We have made tests on ‘motor paral- 
jeling’ with synchronous water-turbine-driven machines but 
‘jiave found that the rotor polarity frequently ‘comes up wrong’, 
ind there is subsequent pole slipping when excitation is being 
plied. 

| In some cases synchronous machines do not require a turbine 
governor actuator, and its omission can be worth while on smaller 
sets. The automatic voltage regulator would still be needed, 
jhowever. We have, in fact, commissioned within the last year 
ja 540kW synchronous machine without governor to run in 
parallel with a system of about 10 times its capacity. In larger 
\sizes of machine the cost of the governor actuator becomes small 
jin relation to the total costs, and there seems little to be gained 
by omitting it. 

|) To Mr. Stephen.—Mr. Stephen is quite correct in saying that 
\low-voltage protection may not disconnect the machine in the 
circumstances which he describes. We have had cases where a 
‘small part of the network has become disconnected from the 
Main part and induction generators have maintained supply at 
reduced voltage and frequency. 

No harm will result from a self-exciting system as long as the 
‘voltage and frequency are not allowed to depart too far from 
normal. Indeed some supplies may be kept going. However, 
reconnection to the main network under such circumstances 
would not be satisfactory. We are considering the adoption of 
frequency-sensitive relays in addition to over-voltage and under- 
voltage protection. 

‘To Mr. Gilbert—We have not considered the application of 
the compensated induction generator to any of our installations. 
I think that the machine referred to requires a main and com- 
pensating winding on the rotor, a main winding on the stator, a 
‘commutator, movable brush gear and a starting resistor. The 
‘machine has the advantage of voltage and consequently reactive- 
power control, and can generate on its own. Where these 
‘features are required the machine might be useful, but it must be 
more expensive than a plain induction generator, and it would 
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not have the simplicity and robustness which are very desirable 
features in the applications described in the paper. 

To Mr. Olsen.—Mr. Olsen points out that induction generators 
coupled to water turbines must be designed to be safe at the 
over-speeds possible. Our experience of induction generators 
has been very good, and there has been no trouble at all from the 
rotors. It is considered that machines should continue to be 
designed for switching in after running up from the turbine. 
Apart from avoiding shocks, as Mr. Olsen points out, this allows 
machines to be designed for better efficiency. 

We have not had occasion to try a transformer giving reduced 
voltage for drying out. Unless more than one voltage were 
available the system would be a little inflexible, and the motor/ 
generator arrangement referred to in Section 8 of the paper 
gives a wider range of control. 

To Mr. Young.—Mr. Young’s views about the duration of the 
transient as affected by switching speed coincides with the 
views we have formed. Machines are designed for switching-in 
at or about synchronous speed for the reasons given to Messrs. 
Stephen and Olsen. 

At light load times most of the induction generators are 
normally running in any case, and we have not made any 
arrangements to leave machines connected or idling if they are 
temporarily not generating. 

To Mr. Brittlebank.—Mr. Brittlebank agrees with the need for 
overall protection in self-exciting conditions. Quite consider- 
able voltage rise can be impressed on a system by a synchronous 
generating plant, but not for a rather long period as in the case 
he quotes. The setting of voltage and frequency protection is a 
matter of choice to some extent, and suitable arrangements can 
be made although more refinement naturally costs more. 

To Mr. Taylor.—It does not seem likely that the percentage of 
induction generators will be increased. Their use is mainly 
confined to smaller sizes of machines, and as new main generation 
projects are developed, the compensation flow or inter-reservoir 
flow sections will continue to use induction generators. But 
these applications will always be a small proportion of the total. 


DISCUSSION ON 
‘THE INFLUENCE OF CONSUMERS’ LOAD/CONSUMPTION CHARACTERISTICS 
ON METERING PRACTICE’* 


Mr. A. McCulloch (Australia: communicated): On page 571* 
Mr. G. F. L. Dixon says, *. . . an Electricity Board cannot, in 
the long term, lose money. When we make meters more 
accurate we are not saving losses so much as spreading elec- 
tricity charges more equitably. I think that the whole problem 
will eventually have to be viewed against a wider economic 
background’. I do most strongly support this approach, and 
think it is long overdue. I feel that the influence of meter-room 
specialists is causing an economic waste in the industry. A 
measuring device for any service or goods is merely a means 
of apportioning charges between customers, and the accuracy 
of an electricity meter is inherently so much higher than that 
of other measuring devices that the search for higher accuracies 
has generally no economic justification. 

Electricity accounts involve so many variables such as read- 
ing periods, seasonal variations in usage, etc., that the vast 
majority of consumers would never be aware that we had in 
fact achieved a higher degree of accuracy. I cannot see why 
we should take any other approach. Any electricity undertaking 


_ * Goxps, L. B. S.; Paper No. 2863 M, February, 1959 (see 106 A, pp. 342 and 571). 


budgets for its revenue on the basis of current meter-reading 
figures, and fixes tariffs accordingly. If we, by a freak device, 
could speed up all meters by, say, 59% we would reduce tariffs 
by 5% and no consumer would be required to pay any more or 
any less. We are merely concerned with fixing prices to meet 
costs, and we base our considerations on current meter 
accuracies. 

The author seems to lay great stress on the price per kilowatt- 
hour and the statutory significance of this unit. But the same 
applies to other measuring devices and our accuracy can be so 
easily maintained at a higher level that stress on this seems 
quite unjustified. I cannot see how the higher degree of 
accuracy has any effect in promoting development. In the 
overall picture, the undertaking seeks the same total income 
regardless of meter accuracy. All we are attempting to do is 
change the distribution’ of charges between consumers, and then 
only to an extent which is practically not discernible by the 
consumer. 

It is. suggested that lack of accuracy misleads the undertaking 
and does not allow the efficiency to be measured accurately. 
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Surely this is highly theoretical. Losses in the system take 
many forms, and the undertaking are informed of the difference 
between, say, units generated and purchased and units sold. 
They can never be informed in detail as to how that difference 
is made up. But if at great cost they could be so informed, I 
fail to see what difference it would make if they knew that 
meter-reading errors contributed a definite percentage to that 
difference. They could, if they so desired, spend a considerable 
sum to reduce these errors, thus increasing revenue, and subse- 
quently reducing prices accordingly, whereas they could have 
merely accepted the error and avoided spending the money. 

The author, because any under-registration means a loss of 
revenue from a particular consumer, assumes that we must spend 
money to avoid the loss, but the benefit is passed on to other 
consumers. He overlooks the fact that revenue is merely 
required to meet costs, and any surplus is to the benefit of 
consumers. I knew of a private company which supplied 
without meters, and they operated at a profit. Of course, the 
apportionment between consumers was fantastically inaccurate. 

I think it is time that we as an industry recognized the fact 
that this is the prime purpose of meters. A reasonable accuracy 
is necessary but sufficient. We should not spend money— 
consumer money—to obtain and retain extreme accuracy. 

Mr. L. B. S. Golds (in reply): In a paper published in 1953* 
I pointed out that ‘Any expenditure upon unnecessarily high 
accuracy at any particular load point would be a waste of 
national effort, and an unjustifiable imposition of cost on the 
consumer, who would receive from it little or no benefit’. I 
therefore share Mr. McCulloch’s desire to avoid an uneconomic 
waste in the industry and agree that the whole problem should 
be examined against as wide an economic background as 
possible. I deprecate, however, Mr. McCulloch’s statement 
regarding the influence of ‘meter-room specialists’. In these 
days of specialization it is not easy for the specialist or the 
administrator to take a balanced view of the whole economic 
background. But, provided that both are well informed—as 
surely they must be if they are taking their proper place in any 
organization—the right balance should be obtained. If that is 
not the case, it simply points to one or the other not having the 
correct appreciation of the specialist function. 

The statement that electricity meters have an accuracy 
‘inherently so much higher than that of other measuring devices’ 
does not accord with the facts, particularly when viewed against 
a term of years and various conditions of service. The United 
Kingdom statutory tolerances for electricity meters, compared 
with some other devices covered by Weights and Measures, are 
as follows: 

Electricity meters . . 24%+ and 34%— 
Beam scales te Je. 0200057, 
Weighbridges 0:04% 
Measures of length 0:025% 
* GoLtps, L. B. S., and SCHILLER, P.: ‘Meter Problems and Consumers’ Load 


Characteristics’, Proceedings I.E.E., Paper No. 1483 M, April, 1953 (100, Part LU, 
p. 619). 


More than 10% of some types of meter in present-day 
register outside the statutory tolerances after a period of yea 
with a tendency generally to under-register. 

Regarding the controversy as to whether under-registration | 
involves a loss in revenue, a simple illustration may be of some | 
help. A single consumer owning generating plant is concern 
only with the amount of fuel used and requires no electrici 
meter. When two or more consumers take a public supp 
they agree with the undertaking for the purposes of apporti 
ing their shares of the costs to adopt a certain quantity 
electricity as a standard unit. The unit is then the basis of 
the business transaction. If more electricity is actually supplied 
than is registered by the meter, this results in loss to the un 
taking. The consumers will know only that they are bei 
charged a larger amount per unit for an unspecified reason if. 
the undertaking increases its prices to obtain the necess 
revenue. 

Whether or not the amount of money bald by the consumer | « 
is the same, the price per unit is the yardstick. When the | i 
amounts of money and number of consumers involved are ik 
small, the accuracy of the assessment of units is of less conse- | 
quence than when the income is of the order of £50 million per i 
annum, and the number of consumers of the order of 2 million. } 
An under-registration of 1% then amounts to £500000 per © 
annum, but the undertaking will not adjust its tariffs year by || 
year to compensate for these errors, because it will not know they | 
exist unless steps are taken by testing samples of meters to find |: 
out. The Area Boards in England and Wales are nowadays | 
operating on a very small working margin of profit per unit 
but are dealing in large quantities, and for that reason accuracy — 
of metering is today of vital importance to the industry. 

Of course, the undertaking budgets for its revenue on the basis 
of current meter readings but tends to assume that those meters 
will continue to register at a constant rate year by year. In 
fact, there is a gradual deterioration due, not to ‘freak devices’, | 
but mainly to the effect of friction. I have never been aware 
of a deliberate increase in price to compensate for slow meters, | 
but I know of cases where refunds to individual consumers 
have had to be made owing to over-registration. Present-day | 
electricity supply-tariff building is a complicated operation, and — 
to complicate it further by taking account of a variable unit of 
measurement seems a retrograde step. 

Mr. McCulloch refers to ‘units generated and purchased and | 
units sold’. If the ‘freak device’ were put into effect thus 
making the units sold say 5% higher, the effect might be that 
more units would be sold than generated. I wonder what the 
consumers would say? 

I conclude by agreeing with Mr. McCulloch that money should 
not be spent to obtain and retain extreme accuracy. His 
contribution would have been of much more value if he had — 
defined ‘reasonable accuracy’ in quantitative terms of average | 
error and standard deviation and suggested the stage at which © 
money should be spent to achieve that ‘reasonable accuracy’. 


NORTH MIDLAND UTILIZATION 


| Mr. F. Clarke: The paper indicates that the installation is now 
0 years old and I wonder what changes would be made today. 
yemiconductor-type rectifiers would give a wider choice of 
loltage and would enable a lower and safer operating voltage 
jo be used. 

‘We are told that liquid fuels are no longer satisfactory for 
ockets and missiles and that Blue Streak was abandoned largely 
bn this account. What do the authors consider are the mar- 
xeting prospects for hydrogen peroxide in the quantities now 
deing produced? 

“Mr. G. Sheppard: The process described can produce about 
170 tons of gas per annum, a conservative estimate being 1 ton, 
pr 1500 yd3, per day. The gas, which is composed of approxi- 
gged 95% hydrogen and 4% oxygen, is released directly into 

e atmosphere above the cells. In the Central Electricity 
Generating Board, generating sets use hydrogen gas as a means 

f cooling and we have always been concerned about the risk 

f explosion in confined spaces or inverted pockets where an 
escape of gas might collect. 

I note that the design is such that the hydrogen is removed 
by a continuous copious amount of air being swept downward 
over the cells. Is there an interlocking arrangement which will 
close the plant down should a failure of the fans occur? 
| Mr. F. H. Merrill (communicated):+ The figures quoted for 
the cost of electricity generated by the back-pressure turbines 
is indicative of the savings which can be obtained in a set-up 
of this kind. The marginal cost per kilowatt-hour, C,, i.e. the 
actual cost of the additional coal which must be fired to the 
boiler to produce a unit of electricity, can be calculated from 
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where 860 is the heat equivalent in kilogramme-calories, 1, is 
the efficiency figure for the turbo-alternator, 7 is the boiler 
efficiency and C, is the cost of coal in pence per ton entering 
the boiler. 

The turbo-alternator efficiency figure is of course concerned 
only with losses which are external to the turbine, i.e. gland 
losses, radiation losses and alternator losses. The internal 
efficiency of the turbine has no effect since losses here reappear 
in the heat of the exhaust steam. 

_ From this formula the cost of coal per kilowatt-hour generated, 
assuming a turbo-generator efficiency of 0-9, a boiler efficiency 
of 0-85 and a coal cost of 93s. a ton, is 0-176d. 

The authors state quite rightly that higher steam pressures 
than are used in their plant would give greater financial returns. 
However, pressures in excess of 9001lb/in? demand special 
materials of construction which increase the capital cost, and 
at the same time the yield of energy for each increment of 
pressure decreases with increase in pressure. While it is difficult 
to generalize, it is likely that the percentage return on capital 


will pass through a maximum and then fall, and the optimum 
* Vicers, B. E. A., and FLETCHER, O.: Paper No. 3196 U,.February, 1960 (see 
107 A, p. 463). 
tT. Mr. Merrill’s contribution is based on his remarks at the District Meeting of 
the North-Western Centre at Northwich on the 26th October, 1960. 
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point may well lie in the region of 900lb/in?. Such a figure 
need not be feared for back-pressure operation since experience 
has shown that such boilers can be operated quite satisfactorily 
even with a very high proportion of chemically treated make-up 
water. 

Regarding the stability of d.c. machines operating in parallel 
with rectifiers, Fig. A shows a system connecting a number of 
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Fig. A.—Electrical system for group of five chemical works. 


chemical plants, similar to that described by the authors in that 
d.c. machines are operating in parallel with rectifiers while the 
a.c. system operates in parallel with the public supply. It was 
found that, whenever there was a severe disturbance on the 
public supply system, the d.c. generators tended to overload and 
when the fault was cleared they usually lost load to the extent 
that they were being fed momentarily with power from the 
rectifier system. As the d.c. generators were fitted with reverse- 
current relays, primarily for protection of the armature windings, 
they almost invariably tripped out. The fitting of time delays 
to these relays has, however, enabled the machines to remain on 
the line during transient faults. 

Two other forms of protection are considered necessary for 
back-pressure turbines shown in the system. First, when the 
steam turbine is tripped a switch is operated which trips the 
generator or alternator. This is essential, since if the turbine 
were motored with no steam flow, a dangerous temperature 
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would quickly be reached on account of the churning of the 
steam inside the turbine casing. 

It is now proposed that the protection should be extended 
slightly by a monitoring feature which will ensure that the 
generator or alternator can be tripped only when the steam 
flow through the turbine has ceased. This will be done by 
means of a wattmetric relay and is intended to guard against 
runaways should the governor system prove faulty or the steam 
valve stick when the turbine is tripped. 

Messrs. B. E. A. Vigers and R. O. Fletcher (in reply): The 
question on semiconductor rectifiers and safe operating voltage 
has been dealt with in earlier discussions. If developments had 
continued on the electrolytic process these would very likely 
have led to the use of very much higher currents per battery at 
a lower overall voltage, in which case semiconductor rectifiers 
would be the obvious choice. 

Regarding the use of liquid fuels for rockets and missiles 
mentioned by Mr. Clarke, it is a fact that the specific impulse 
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available from hydrogen-peroxide/fuel systems is not 
enough to achieve escape velocities. There are, however, valv 
uses for hydrogen peroxide in connection with rockets, p 
ticularly those which may be used for manned-vehicle propulsio; 


peroxide are continuing to expand. 

In the plant described there are no confined spaces 
hydrogen could collect to give a risk of explosion, and the 
high rate of both natural as well as induced ventilation has mai 
it unnecessary to provide additional safeguards. 

Generator and alternator switches are arranged to trip 
the steam end, as described by Mr. Merrill, and there i 
advantage, therefore, i in fitting reverse-current relays. It wou 
be unusual for the steam valve to stick in the open pos 
without the turbine driver noticing the condition when attempt 
to reduce load. Relays to protect against tripping the altern 
under these conditions prevent faulty operation by the atten 
but may have disadvantages in other respects. 
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Effects of Eddy Currents on the Rise and Decay of Flux in Solid Mag- 
netic Cores. Monograph No. 463 U. 


Prof. N. KESAVAMURTHY, M.A., B.E., M.Sc.Tech., 
RAJAGOPALAN, B.E., M.S., Ph.D. 


Rigorous analysis of the transient behaviour of a solid-cored mag- 
netic circuit of rectangular section, taking into account the resistance 
of the magnetizing winding, is difficult to obtain and has not been 
attempted so far in the literature. In this paper an attempt is made 
to obtain, to a close degree of approximation, the transient behaviour 
of cores of such sections. It is shown that the complexities of the 
problem can be reduced by choosing certain contours of constant 
current density, and on this basis, four alternative solutions are 
obtained for the transient behaviour. These contours are justified on 
the basis of (a) flux decay with the magnetizing winding open and 
(b) eddy-current loss due to alternating flux: rigorous solutions for 
the two cases are available for comparison. The analysis is illustrated 
with a specific application to the rise of flux due to an impact excitation 
on a solid core, and certain conclusions are drawn. 

An interesting feature of the paper is that, in the majority of cases, 
the results are presented in a non-dimensional form. 


Monograph No. 469 U. 


and Pak. 


Pole-Entry Flux Pulsations. 
K. J. Brnns, B.Sc. 
The rapid changes in flux distribution which occur as a slotted 
armature moves relative to a pole corner give rise to losses both in the 
copper and in the iron. These flux pulsations can have a considerable 
effect on the performance of both a.c. and d.c. machines. 
The paper presents an accurate determination of the field of a slot 
passing under a rectangular pole corner, and the flux changes under 


relative motion are calculated over the range of dimensions of practi 
interest. The flux entering the armature slots is calculated ai 
compared with values measured by search coils; the two sets of result 
are in close agreement. The effect of the slot width on the indu 
e.m.f. in the armature conductors is commonly ignored in desigi 
work. However, the effect is shown to be appreciable. Finally, th 
variation in the forces acting on the armature teeth is determined; 
this quantity is exceedingly difficult to obtain experimentally. 


The Determination of the Transient Temperature Distribution in a 
Turbo-Alternator Rotor by means of an Analogue. Monograph 
No. 4728. y 


B. M. Weepy, B.Sc.(Eng.), Ph.D. 4 


Owing to the difficulty in the direct measurement of temperature in | 
the winding and steel of turbo-alternator rotors, indirect methods, 
requiring a knowledge of the boundary conditions, can be used to 
advantage. In the present work the electrical-analogue approach is 
used, i.e. the replacement of thermal quantities by analogous electrical | 
ones, giving both steady-state and transient solutions. The latter is of | 
interest when considering overload capacity and unbalanced loading. | 

The rotor studied was that of a 60MW 3000r.p.m. 11kV 50c/s 
turbo-alternator with indirect cooling by hydrogen at a pressure of | 
4lb/in2 (gauge). Design and constructional features of a resistance- 
capacitance analogue representing two-dimensionally the thermal con-_ 
ditions in a ‘slice’ of rotor lin thick and containing the hottest slot 
are given. By simple adjustment any slice in the rotor length may be. 
simulated. Incorporated in the analogue are electronic current-input | 
units which vary the ‘copper-loss’ input currents to allow for the ‘ 
change in winding resistance with temperature. 

Transient temperature rises at 20 points in and around the hottest 
slot in sections at the rotor end and at the axial centre are obtained > 
for the application of step-functions of excitation currents of 500A 
and 550A and various values of surface loss. The mean winding 
temperature obtained is compared with that measured on the actual 
machine using the change-of-resistance method and good agreement is _ 
found. Variations in the coolant temperatures are seen to have small. 
effect on the analogue temperature-rises. 
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